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ABSTRACT 
Electrospinning produces submicron fibers from a wide range of polymer/solvent 
systems that enable a variety of different applications. In electrospinning process, a 
straight polymer/solvent charged jet is initially formed, followed by a circular moving jet 
in the shape of a cone, called the bending region. The process physics in the bending 
region are difficult to study since the jet diameter cannot be measured directly due to its 
rapid motion and small size (~microns and smaller), and due to complex coupling of 
multiple forces, mass transport, and changing jet geometry. Since the solutions studied 
are hydrophilic, they readily absorb ambient moisture. This thesis explores the role of the 
bending region in determining the resulting electrospun fiber diameter through a 
combined experimental and modeling analysis for a variety of hydrophilic 
polymer/solvent solutions.  
Electrospinning experiments were conducted over a broad range of operating 
conditions for 4 different polymer/solvent systems. Comparison of the final straight jet 
diameters to fiber diameters reveals that between 30% to 60% jet thinning occurs in the 
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bending region. These experiments also reveal that relative humidity significantly affects 
the electrospinning process and final fiber diameter, even for non-aqueous solutions. 
A model is developed to obtain insight into the bending region process physics. 
Important ones include understanding the mass transport for non-aqueous hydrophilic jets 
(including solvent evaporation and water absorption on the jet surface, radial diffusion, 
and axial advection), and the coupling between the mass and force balances that 
determines the final fiber diameter. The absorption and evaporation physics is validated 
by evaporation experiments. The developed model predicts fiber diameter to within of 
8%, even though the solution properties and operating conditions that determines net 
stretching forces and net evaporation rates vary over a large range. 
Model analysis reveals how the net evaporation rate affects the jet length and net 
stretching force, both of which ultimately determine the fiber diameter. It is also shown 
that the primary impact of RH on the process is through occupation of the surface states 
that limits solvent evaporation rate, rather than the amount of water absorbed. Correlation 
functions between process conditions, solution properties and the resulting fiber 
diameters are discussed. 
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Chapter 1: Introduction 
1.1 Electrospinning 
Electrospinning refers to the process of using electrostatic forces to stretch and 
accelerate a charged polymer solution jet into submicron or nano diameter fibers. 
Compared to the traditional spinning methods which use mechanical forces, either 
extrusion or air blowing, to convert bulk material to fibers, electrospinning is a unique 
fiber making process that utilizes electrostatic force. The electrospun fibers can have 
diameters two to three orders smaller than traditional fibers. 
The electrospinning technology has been known for a long time.  In 1902, Morton 
received the first US patent for the electrospinning of artificial fibers [1]. In the 1930s 
and 1940s, Formhals claimed a series of patents on the processing and apparatus to 
produce electrospun fibers [2–5]. In 1971, Baumgarten [6] reported electrospun acrylic 
fibers with diameters below 1 micron. He investigated the relationships between fiber 
diameter, jet length, solution viscosity and flow rate of the solution. In 1990s, a 
commercial electrospinning device prototype is available for scaled-up production. This 
prototype device is called NanoSpiderTM, being developed by Elmarco. In 2000s, Cyber 
Materials Inc. (Boston, MA) developed an electrospinning system with the real-time 
process state monitoring and actuator control capabilities based on the vision system. 
The typical electrospinning set-up is called ‘single-needle electrospinning’, which is 
also used in this research (figure. 1.1). It consists of a container for the spinning solution, 
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in our case a syringe attached to a pump, and a needle through which the fluid is pumped 
and at the end of which a droplet forms. Due to the competition between the applied 
electric force and surface tension, a Taylor cone appears at the end of needle. At 
sufficient applied potential, the electric force at the surface of the drop becomes great 
enough to overcome the surface tension and a straight jet is emitted from the apex of the 
cone, sending a fiber towards the grounded plate. At a point between the apex of the cone 
and arrival at the grounded plate, the charge repulsion in the jet leads to instabilities, 
which results in a bending region. Before the jet arrives the ground plate, it dries up due 
to evaporation. Then dry fibers are collected on the ground plate. In the bending region, 
various parameters, including evaporation, electric force and viscous force, affect the 
final fiber diameter, which will be discussed later in the thesis. The process physics study 
for the one-needle electrospinning also provides knowledge basis to understand other 
types of electrospinning process. 
The other designs typically fall into two categories: multi-needle or free surface 
electrospinning, particularly whose aim is to increase the production rate of the 
electrospun fibers. Multi-needle approaches aim to utilize a similar set-up to single-
needle electrospinning, but with an array of needles [7]. Free surface approaches, on the 
other hand, rely on the self-organization of droplets on a thin liquid surface. This surface 
can take the form of a gaseous bubble [8], or a film on a rotating drum, disk or wire 
electrode [9–11].   
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1.2 Applications and requirements 
The small diameter of electrospun fibers provides a large surface to volume ratio that 
makes the fibers be useful for a number of advanced applications. In many applications, it 
is particularly important to achieve desired fiber diameter to meet the application 
requirements and where the feed of material can be expensive.  
Collagen types I and III are key element of extracellular matrix (ECM), which are 
widely used in tissue scaffoldings. Boland et al. [12] have demonstrated smooth muscle 
cell infiltration into a multi-layered scaffold of collagen types I and III and elastin when 
 
Power supply 
Syringe pump Upper disk 
Fiber collector 
Figure 1.1 Schematic of electrospinning setup 
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cultured in a rotary cell culture system. They used electrospun micro- and nano- fibrous 
scaffoldings from the natural polymer collagen to development of bio-mimicking 
vascular tissue engineered constructs. The applied collagen fibers are typically ~100 nm. 
Nasir et al. [13] found that PEO is a good plasticizer that can significantly improve the 
porosity of collagen fiber (100 – 300nm from 0.15% collagen/ 1% PEO blend) for tissue 
scaffold.  
Wu et al. [14] added PVP to a precursor solution containing ceramic material (GaN) 
to regulate the rheological properties and achieve ~ 325 nm electrospun ceramic fibers, 
which have chemical and thermal stability, photo catalytic activity and optical properties. 
The electrospun GaN nanofibers are used to assemble high-performance FET devices and 
photo sensors.  
Liang et al. [15] reported that the polymer fibers (~ 300nm PAN/PVP fibers) with 
polar surface functional groups could guide the lithium ions to form uniform lithium 
metal deposits confined on the polymer fiber surface, which enhance the battery cycle life. 
For electrochemical capacitor electrodes, pores in the 2–50 nm size range are 
conventionally believed to impart maximum specific capacitance. Wang [16] carbonize 
the electrospun PAN fibers to achieve ~ 200 nm carbon fibers. Carbon fibers are used for 
electrochemical capacitor electrodes, where power density is enhanced by a factor of four.  
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1.3 Thesis overview 
Chapter 1 provides an introduction to electrospinning process and its potential 
applications. 
Chapter 2 reviews previous literatures, including the experimental analysis of 
relation between process parameters and fiber diameter, process physics and modeling 
work, and mass transfer in the bending region. Research objectives and approach for this 
research are also introduced. 
Chapter 3 introduces the experimental method, including materials, operating regime, 
experimental measurements and measurement system, and electrospinning apparatus.  
Chapter 4 presents the role of bending region in determining fiber diameter for both 
aqueous PEO solutions and non-aqueous hydrophilic PVP/alcohol solutions, and the 
effect of RH. 
Chapter 5 develops a bending region model to predict fiber diameters for aqueous 
PEO solutions. Experimental validation is also showed. 
Chapter 6 presents the modeling results for PEO/water solutions. The effect of RH 
on fiber diameter is analyzed. 
Chapter 7 develops a bending region model to predict fiber diameters for non-
aqueous hydrophilic PVP/alcohol solutions. It also presents the experimental validation. 
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Chapter 8 presents the modeling results for PVP/alcohol solutions. The effect of RH 
on fiber diameter is also analyzed. 
Chapter 9 presents results discussion, including development of generalized fiber 
diameter correlation, investigating relation between solution properties, process 
parameters to net stretching force and jet length, and identifying the role of straight jet 
and bending regions.  
Chapter 10 summarizes the significant contributions of this thesis and introduces the 
future researches. 
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Chapter 2: Research overview  
In previous research, researchers have experimentally observed that the final fiber 
diameters achieved from various aqueous and non-aqueous polymer solutions are 
affected by many process parameters, including viscosity, current, flow rate and RH. 
However, the electrospinning process physics is not fully understood. In this research, a 
combined experimental and modeling approach is applied to investigate the dominant 
process physics in the bending region to determine the final fiber diameter. In the 
bending region, the complex mass transport is studied, especially for non-aqueous 
hydrophilic solutions. And a model is developed, capturing the coupled mass and force 
balances, to get insight into the dominant process physics in the bending region and the 
effect of RH. 
 
2.1 Review of previous work 
2.1.1 Experimental analysis of relation between process parameters, RH and fiber 
diameters 
Viscosity (η) is a measure of the deformation resistance of fluid. It is a significant 
determinant of viscous force, which is an important retarding force in electrospinning 
process. For a non-Newtonian fluid, the extensional viscosity can be expressed by 𝜂∗ =
𝜂0 × 𝑇𝑟, where Tr is the Tronton ratio; 𝜂0 is the shear viscosity. In the electrospinning 
process, the extensional viscosity is more important, compared to shear viscosity due to 
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strain hardening [35]. Mckee et al. [32] experimentally checked the dependence of fiber 
size on shear viscosity for PEO-co-PEI in CHCL3/DMF co-solvent. They found a fiber 
diameter scaling law, given by 𝑑𝑓𝑖𝑏𝑒𝑟 = 0.05𝜂0
0.8 . It indicates the significant role of 
viscosity on fiber diameter. However, they used shear viscosity in their study, which is 
much smaller (1–3 magnitudes) than the extensional viscosity. In addition, they did not 
study how viscosity affects the force balance. 
Conductivity (K ) and dielectric constant ( ε ) have significant effects on charge 
generation and electrical force. Conductivity is a measure of the ability that material 
conducts an electric current. It is an important factor related to the current and charge 
density in the electrospinning process. In addition the solvent dielectric constant is a 
measure of the polarity of solvents. Thus a higher charge density will be obtained, if the 
solvent has a larger conductivity and dielectric constant. Son et al. [33] demonstrated the 
effect of the dielectric constant on fiber diameter by their PEO in different solvents 
experiments. They found that the higher the dielectric constant of solvent, the thinner 
PEO fiber obtained. However, they did not analyze the function between the dielectric 
constant, conductivity and the resulting current. They also did not analyze the effect of 
current on force balance in the electrospinning process. 
Solution flow rate, Q, is another important parameter that has a significant impact on 
fiber diameter, because it impacts both mass and force balances. Wang [31] classifies 
process parameters into two groups in his study. The first one is the process variables, 
including flow rate (Q) and voltage (V). The second one is solutions properties, like 
 
 
9 
viscosity, conductivity and surface tension. He used two polystyrene (PS) in different 
solvents to investigate the influence of those process parameters on straight jet diameter 
(𝑑𝑆,𝑗𝑒𝑡) measured at the end of straight jet region and fiber diameter (𝑑𝑓𝑖𝑏𝑒𝑟). Results 
show that flow rate is the dominant factor in determining fiber diameter (𝑑𝑓𝑖𝑏𝑒𝑟~𝑄
0.25). 
And the relation between jet diameter and flow rate is also given out (𝑑𝑆,𝑗𝑒𝑡~𝑄
0.5). And 
then a master curve between straight jet diameter and fiber diameter was found for a 
solution with fixed solution properties, which was expressed by  
𝑑𝑓𝑖𝑏𝑒𝑟~𝑚 ∙ 𝑑𝑆,𝑗𝑒𝑡
0.45     (2.1) 
where m is a pre-factor depending upon the second group parameters. Based on his data, 
the pre-factor (m) is successfully scaled as m~𝜂0
0.38𝐾0.12 . In addition, he stated that 
solution viscosity is the most important factor for determining the fiber diameter. A scale 
law was found between the fiber diameter and solution viscosity (𝑑𝑓𝑖𝑏𝑒𝑟~𝜂0
0.41). However, 
extensional viscosity should be utilized in the electrospinning process, but not the shear 
viscosity (which is 1–3 magnitudes smaller). They also did not analyze how those two 
groups of parameters affect the force balance. In addition, they did not consider the effect 
of evaporation and RH on process physics and the resulting fiber diameter. 
It is well known that RH can have a significant impact on electrospun fiber diameters. 
Trispatanasuwan and Reneker observed that for electrospun fibers from aqueous PEO 
solutions, increasing humidity leads to a decrease in fiber diameter [17]. They suggested 
that fiber diameter decreases since evaporation rates decrease for a higher ambient RH 
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and the jet has more stretching time. However, they did not analyze how RH affects the 
mass and force balances to result different fiber diameters. 
Yan [36] conducted a series of experimental based on PEO/water solution to 
understand relations of measurable parameters to fiber diameters. Those experimental 
results reveal that neither the solution properties such as concentration and viscosity nor t 
the operating conditions such as applied voltage, charge density and flow rate alone can 
fully predict fiber diameters due to the complexity of the process and the coupling among 
the different parameters and physics. However, differing with a single material property 
or process condition, some measurable parameters are resulted from the interactions of 
different physical principles, which determine jet stretching and fiber diameter. The 
average measured fiber diameter is scaled with the product of the straight jet diameter 
measured (𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚) and the cubic of 1-RH from his experimental data, given by: 
𝑑𝑓𝑖𝑏𝑒𝑟~𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚 ∙ (1 − 𝑅𝐻)3    (2.2) 
which implies the significant impact of RH on fiber diameter. However, he did not 
evaluate the effect of evaporation and RH in electrospinning process 
For some hydrophilic polymer in hydrophilic solvent systems, the electrospun fiber 
diameters decrease as RH increases [19–21]. De Vrieze, et al. [19] experimentally found 
that fiber diameters of PVP (hydrophilic) in alcohol (hydrophilic) solutions decrease with 
increasing RH. They claim that the fiber diameter decreases at higher humidity since the 
absorption of water increases the time of flight of the polymer solution jet. However, they 
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did not evaluate the amount of water absorption under different RH conditions, nor the 
effect of water absorption. Golin [20] experimentally demonstrated the effect of RH on a 
core-shell nanofibers composed of a PCL/THF (hydrophobic/hydrophilic) shell and a 
PEG/ethanol (hydrophilic/hydrophilic) core. They claim that the decrease of final fiber 
diameters with increasing RH results from the decreased solvent evaporation rate 
improving jet elongation. They did not analyze the mass transfer in the co-axial 
electrospinning process, nor did they qualify the effect of RH on the mass transfer and jet 
stretching. Cai et al. [21] experimentally found that fiber diameters of PVP/alcohol 
solutions decrease with increasing RH. They have developed a fiber diameter correlation 
to measured upper straight jet diameter, solvent evaporation rate and RH for PVP/alcohol 
solutions based on Yan’s work [36]: 
𝑑𝑓𝑖𝑏𝑒𝑟~𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚 ∙ ?̇?𝑒𝑣𝑎𝑝
0.2 ∙ (1 − 𝑅𝐻)2   (2.3) 
which proves that the solvent evaporation rate affects the final fiber diameter and RH has 
a significant impact on final fiber diameters for PVP/alcohol solutions. However, they 
also did not analyze how RH affects the process physics that determines final fiber 
diameters.  
In contrast, some hydrophobic polymer in hydrophilic solvent systems, the fiber 
diameters are found to increase with increasing RH [22, 23]. Huang et al. [22] 
experimentally found that fiber diameters from PAN/DMF (hydrophobic/ hydrophilic) 
solutions increase with increasing humidity. They indicated that: (a) higher RH results in 
a decrease of the amount of excess charges on the electrospinning jet; and (b) more 
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polymer precipitation occurs for higher RH level. Pai et al. [23] also experimentally 
found that PS/DMF (hydrophilic/hydrophobic) fiber diameters increase as RH increases. 
And porous structures within the fiber are observed for fibers electrospun from high 
relative humidity. They claimed that the formation of interior porosity is attributed to the 
miscibility of water, a non-solvent for the polymers in solution, with DMF. And the 
solidification rate of PS fibers is faster at high RH since the absorbed water from the air 
into the jet acts as a non-solvent for PS. All these publications also did not qualify the 
effect of absorbed water on the process physics to determine the final fiber diameters.  
 
2.1.2 Process physics and model work 
A number of models have been developed to understand the electrospinning process 
physics and predict electrospinning jet behavior. Hohman, et al. [24, 25] developed a 
slender-body model for both straight jet and bending regions that captures jet stretching, 
charge transport, and the electric field. Their model includes three competing factors: 
extensional viscous stress, surface tension, and electrostatics. In the bending region, they 
considered the change of force and electric field due to the jet motion, but they do not the 
mass transfer/ evaporation, nor the impact of RH.   
In the straight jet region, Feng [26] simplified the slender body model for Newtonian 
jets using an approximation for the electric field equation and predicted jet behavior. The 
differential format of the steady-state momentum equation is:  
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ρv
𝑑𝑣
𝑑𝑧
= 𝜌𝑔 +
3𝜂0
𝑟2
𝑑
𝑑𝑧
(𝑟2
𝑑𝑣
𝑑𝑧
) +
𝛾
𝑟2
𝑑𝑟
𝑑𝑧
+
𝜎
𝜀0
𝑑𝜎
𝑑𝑧
+ (𝜀 − 𝜀0)𝐸
𝑑𝐸
𝑑𝑧
+
2𝜎𝐸
𝑟
  (2.4) 
where ρ is solution density; v is jet flow velocity; z is the jet length; g is gravity constant; 
r is jet radius; 𝛾 is surface tension; 𝜎 is surface charge density; E is local electric field. 
This momentum equation provides the basis to analyze force balance in the bending 
region in my research. Since they focus on the straight jet region, evaporation is not 
considered. But to study the process physics in the bending region in my research, a 
model needs to be developed to capture the coupled mass and force balances. 
For the bending region, Fridrikh, et al. [27] analyzed Hohman’s dynamic equations 
for the whipping jet to obtain an asymptotic solution that relates the final fiber diameter 
to operating conditions. A scaling law is derived for fiber diameter in terms of the current 
and flow rate:  
𝑑𝑓𝑖𝑏𝑒𝑟 = 2(𝛾𝜀̅
𝑄2
𝐼2
2
𝜋(2𝑙𝑛𝑋−3)
)
1
3    (2.5) 
where  𝑑𝑓𝑖𝑏𝑒𝑟 is fiber diameter; 𝛾 is the surface tension; 𝜀 ̅is the air dielectric constant; Q 
is the flow rate; I is the current; X is the dimensionless wavelength of the instability 
responsible for the normal displacements. However, no viscous term is included in this 
fiber diameter scaling law, since they argued that at the terminal state of electrospinning 
process, the viscous force is not a determinant for fiber diameter. They also did not 
consider the effect of solvent evaporation on jet stretching and final fiber diameter. 
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 Helegeson [34] presented a fiber diameter correlation for PEO aqueous solutions 
based on a dimensionless electrostatic stress (Π1 , the ratio of the electrostatic and 
electroviscous stresses), and a dimensionless surface stress (Oh, the ratio of the viscous 
stresses and surface tension). In their study, a fiber diameter correlation is given by 
Π1 ∙ 𝑂ℎ =
?̅?2𝑉2
𝐾𝐿2(𝜌𝛾𝑑𝑓𝑖𝑏𝑒𝑟)
1
2
= 2.5 ± 0.2 × 10−8   (2.6) 
where 𝜀 ̅is the air dielectric constant; V is the applied voltage; L is the working distance; 
The correlation is examined by three sets of experiments for PEO/water, PEO/(water and 
ethanol), and poly(methyl methacrylate)/DMF solutions. They claimed that the viscous 
terms cancelled in terms of determining fiber diameter. They did not evaluate the effect 
of solution properties on force balance. And they did not consider the effect of solvent 
evaporation and RH on jet stretching. 
 
2.1.3 Mass transfer in the bending region 
In the electrospinning process, evaporation is significant, for without it fibers cannot 
be formed. The mass transport for a PVP/alcohol electrospinning jet includes absorption/ 
evaporation of water/ alcohol on jet surface, radial diffusion of water/alcohol in the jet, 
and axial advection of water/alcohol in the jet. The complex mass fluxes and coupling 
relationship between those fluxes have not been explicitly solved. 
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For a stationary alcohol medium, Fick’s diffusive law [29] can be used to describe the 
radial diffusion of water/alcohol in jet, which is based on the water/alcohol concentration 
gradient.  
𝐽 = −𝐷∇𝑐      (2.7) 
where J is the diffusion flux; D is the diffusivity; c is the component concentration; The 
Fick’s law provides the knowledge base to study the diffusion of water and solvent in the 
jet. However, the diffusive model needs to be connected to a model that describing the 
water/alcohol absorption/evaporation on surface as well as the axial advection in jet.  
Yarin, et al. [28] proposed a model in which the bending instability occurs when 
coulomb forces overcome the viscoelastic forces. They used a Maxwell model to describe 
the viscoelastic forces and take into account the effects of solvent evaporation and 
solidification. A model for solvent evaporation on surface and solidification in an 
electrospinning jet by relating solvent evaporation coefficient (h) to Sherwood number 
(Sh) is expressed as: 
𝑆ℎ = 0.495 × 𝑅𝑒
1
3 ∙ 𝑆𝑐
1
2 = 2𝑟 ∙
ℎ
𝐷
    (2.8) 
where Re is Reynolds’s number; Sc is  Schmidt number; They considered the change of 
momentum and viscosity due to evaporation. However, they did not explicitly analyze the 
effect of evaporation and RH on charge density and strain rate relative to electric and 
viscous forces. They also didn’t explicitly analyze a second species (e.g. water) absorbed 
by the solvent. But the physics for the water absorption on surface is similar to the 
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solvent evaporation on surface. Thus this correlation provides the basis to analyze the 
water/solvent evaporation/absorption on the jet surface in this research.  
Forward et al. [30] provides a mass transport model for the solidification of a co-
axial jet. The core solvent (water) diffuses through the shell solvent equal solvent (water) 
evaporated at the outermost surface.  
𝐽𝑖
𝐷 = 𝐷𝑖𝐴𝑚
𝑥𝑖
𝐿−𝑥𝑖
𝑂
𝑅𝑂−𝑅𝐼
= ℎ𝑖𝜌𝐴(𝑦𝑖
𝑂 − 𝑦𝑖
∞) = 𝐽𝑖
𝐸     (2.9) 
where 𝐽𝑖
𝐷 is the diffusive flux of water or solvent; 𝐽𝑖
𝐸 is the evaporation flux of water or 
solvent; 𝐷𝑖 is the diffusivity;  𝐴𝑚 is the logarithmic mean area; 𝑥𝑖
𝐿 is the concentration at 
the interface between the core and shell phases; 𝑥𝑖
𝑂 is the concentration at the outermost 
surface of the shell phase; 𝑅𝑂 is the initial radius of the outermost surface; 𝑅𝐼 is the initial 
radius at the interface between the core and shell components;  𝐴 is the area of outer 
surface; 𝑦𝑖
𝑂  is the mole fraction in the vapor phase at the outer surface for water or 
solvent; 𝑦𝑖
∞ is the mole fraction in the vapor phase at a distance far away from the surface 
for water or solvent; Although they also did not analyze the water diffusion from the shell 
surface to the jet center, they modeled the radial water diffusion through the shell and 
evaporation on surface. Their work on the water diffusion and solvents evaporation 
provide a basis for our mass transfer model development, including multiple components 
fluxes in jet and evaporation/absorption on surface. 
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2.2 Research objectives and approach 
The electrospinning process can produce submicron fibers for a variety of 
applications for a wide range of polymers. For many advanced applications, achieving the 
desired fiber diameter is an important production objective, both when the application 
requires it and when the feedstock is expensive. Since electrospun fiber diameter is 
affected by operating conditions, solution properties and ambient environmental 
conditions, it is desirable to develop better understanding of the dominant process physics 
that determines the electrospun fiber diameter.   
The electrospinning jet diameter in the straight jet region can be directly measured, 
and is observed to decrease on the order of 160 times over a short length (at the order of 
10 cm). However, the jet behavior in the bending region is much more difficult to 
determine, since the jet diameter in the bending region cannot be directly measured due 
to its small size (on the order of micron and smaller) and rapid motion.  
My research investigates the role of bending region and the dominant process 
physics that determines the final fiber diameter. Specific research objectives and 
approach include: 
a) Investigate the role of bending region; 
Observation of the lower straight jet region reveals that the jet diameter 
asymptotically goes to a limit on the order of 10 – 20 μm, while the final fiber diameter 
after the bending region is on the order of less than a micron in diameter. This raises the 
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following questions: what is the role of bending region in determining fiber diameter? Is 
most of the jet stretching done in the straight jet region and the major role of the bending 
region solvent evaporation? What are the dominant process physics in the bending region? 
Previous researchers have not quantified the degree of jet stretching and evaporation in 
the bending region. To answer these questions, experimental measurements of jet 
diameters in the straight jet region are compared to the final fiber diameters, which 
reveals the importance of the bending region in determining fiber diameter, and the 
degree of jet stretching and solvent evaporation. These experiments will also qualify the 
impact of RH on the process. 
 
b) Model the dominant process physics in the bending region; 
Predicting the fiber diameter for the electrospinning process is a major objective of 
this research. Some previous researchers have developed limited models to study the 
process physics and predict the final fiber diameters. However, there has not been a 
complete model that explicitly analyzes the coupling between forces and evaporation in 
the bending region. In this research, a bending region model is developed for PEO/water 
and PVP/alcohol solutions based on a lumped analysis of the dominant physics. The 
model is validated by experiments over a broad range of operating conditions. 
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c) Study for different hydrophilic polymer/solvent systems; 
Experimental observations reveal that the electrospun fiber diameters are affected by 
many process parameters, such as viscosity, conductivity, flow rate, applied voltage, and 
RH. This raises the question of how do these parameters affect the process physics and 
the final fiber diameter? To address these issues, experiments are conducted for aqueous 
PEO and three different non-aqueous hydrophilic PVP/alcohol solutions. These 4 
solutions have significantly different solution properties in terms of viscosity, 
conductivity, solvent evaporation rate, and water absorption rate. The corresponding 
large variation in forces, mass transfer rates and final fiber diameters provides a good 
basis to study the general process physics that determines the final fiber diameter. 
 
d) Investigate the bending region mass transfer physics for a non-aqueous hydrophilic 
polymer/solvent systems; 
The mass transfer for a hydrophilic polymer solution jet is complex, including the 
absorption and evaporation of multiple components on the jet surface, radial diffusion of 
these components in the jet, and axial advection in the jet. Previous researches have not 
explicitly analyzed the mass balance in the bending region, in terms of both water 
absorption and solvent evaporation. A 2-D lumped model is developed to capture the 
relationship between those fluxes and determine the mass transfer rates. The key physics 
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for water absorption and solvent evaporation are validated by stationary alcohol 
evaporation experiments in different moisture environments. 
 
e) Investigate the effect of RH; 
It is well known experimentally that ambient RH has a large impact on fiber diameter. 
This raises questions regarding how RH specifically affects the process physics, which 
has not been explicitly described by previous researchers. In this research, I will use the 
model to develop a more explicit understanding of how the bending region process 
physics are affected by RH, and the impact on fiber diameter.  
 
f) Developing relationships between solution properties, operating conditions and 
dominant process physics terms to predict final fiber diameter. 
Previous researchers developed several fiber diameter correlations based on process 
parameters in terms of solution properties, operating conditions, and measurements. 
However, no generalized function has been developed to correlate the fiber diameter for 
different polymer and solvent systems, nor how these process parameters affect process 
physics that results different fiber diameters. In this research, I seek to develop a 
generalized correlation function that explains the final fiber diameter for a broad range of 
experimental conditions and solution properties, based on analysis of the modeled 
process conditions.  
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Chapter 3: Experimental approach  
In this chapter, the experimental approach used in this research is presented. 
Aqueous PEO solutions and three non-aqueous PVP/alcohol solutions, possessing a large 
variation in properties (e.g. shear viscosity, conductivity, solvent evaporation rate and 
water absorption rate), are electrospun over a broad range of operating conditions (e.g. 
flow rate, voltage and RH), which provide a good basis to investigate the process physics. 
The experiments are conducted in a developed electrospinning system, where we can 
monitor key process parameters (e.g. current and straight jet diameter) in time, and set 
actuator set points for the syringe pump, high voltage power supply and RH control 
system. 
 
3.1 Materials  
Poly(ethylene oxide) (PEO) with 400k molecular weight (Mw) in water solutions and 
polyvinylpyrrolidone (PVP) with 1,300k molecular weight in alcohol solutions were used. 
PEO and PVP powders were purchased from the Aldrich Chemical Co. Aqueous solvents 
are deionized water, whose conductivity is ~ 0.1 μS cm-1. The alcohols are ethanol 
(conductivity is ~ 0.5 μS cm-1), methanol (conductivity is ~ 0.9 μS cm-1) and 1-butanol 
(conductivity is ~0.1 μS cm-1), which were purchased from Aldrich Chemical Co. The 
PEO powders were dissolved in deionized water to make 7wt% entangled aqueous PEO 
solutions. PVP powders were dissolved in different alcohol solvents to make 12wt% 
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entangled non-aqueous hydrophilic PVP/ alcohol solutions. All solutions were stored in a 
refrigerator at 5℃. Before experiments, solutions were put in the ambient environment 
for several hours to bring the solutions to room temperature (21 – 24℃ ). All 
electrospinning experiments are conducted at ambient room temperature.  
Characteristic parameters of those solutions are given in table. 3.1. The conductivity 
of those solvents and solutions are measured by a conductivity sensor (TDTestr 40). The 
conductivity is a significant material property, which affects the stretching electrical 
forces. Shear viscosity measurements were performed in a cone-plate viscometer (TA 
Instruments AR2000), which affects the extensional viscous retarding force. ). The 
solvent evaporation rates are published in a handbook of organic solvent properties [37], 
which are also verified by alcohol evaporation experiments under different RH levels (see 
appendix. C). The water absorption rates are estimated based on water diffusivities in 
solvent. Normalized characteristic parameters of those PEO/water and PVP/alcohol 
solutions, in terms of shear viscosity, conductivity, solvent evaporation rate and water 
absorption rate (fig. 3.1), show that the solution properties vary over a large variation. Fig. 
3.2 focuses on the normalized characteristic parameters of PVP/alcohol solutions. 
Aqueous PEO/water solutions have much larger viscosity (~ 5 – 40 times) and 
conductivity (~ 12 – 150 times) than PVP/alcohol solutions. The PVP/1-butanol solutions 
have ~ 8 times and ~ 5 times larger viscosity than PVP/methanol and PVP/ethanol 
solutions respectively. PVP/methanol solutions have ~ 2.3 times and ~70 times larger 
conductivity than PVP/ethanol and PVP/1-butanol solutions respectively. PVP/ethanol 
solutions have ~1.6 times and ~6.8 times larger solvent evaporation rate than 
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PVP/methanol and PVP/1-butanol solutions respectively. The water diffusivity in ethanol 
is similar to that in methanol, but ~ 1.4 times larger than that in 1-butanol. The 
significantly different solution properties for those PEO/water and PVP/alcohol solutions 
can cause a large variation in forces and mass transfer rates in the electrospinning process, 
which provide a good basis to study the process physics for different polymer/solvent 
systems.  
Table 3.1 Characteristic parameters of PEO/water and PVP/alcohol solutions [37] 
   
 Conductivity, 
K (µS  cm-1) 
Shear 
viscosity, 
η (Pa.s) 
Evaporation rate 
per surface area, 
(?̇?𝑒𝑣𝑎𝑝
𝐵𝑢𝐴𝑐 = 1) 
Diffusivity of 
water in solvent, 
D (𝑚2/𝑠) 
7% PEO/water 
(50%RH) 
70 14.5 0.3 - 
12% 
PVP/ethanol 
3 0.64 3.4 8.4 × 10−10 
12% 
PVP/methanol 
6 0.38 2.1 8.4 × 10−10 
12% PVP/1-
butanol 
0.4 3.02 0.5 5.9 × 10−10 
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Figure 3.1 Normalized characteristic parameters of PEO/water and PVP/alcohol 
solutions, in terms of shear viscosity, conductivity, solvent evaporation rate and water 
absorption rate 
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Figure 3.2 Normalized characteristic parameters of PVP/alcohol solutions, 
in terms of shear viscosity, conductivity, solvent evaporation rate and water 
absorption rate 
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3.2 Operating regime determination 
Applied voltage, flow rate and RH are the major controllable parameters in the 
electrospinning process. To identify the allowable operating bounds under a constant RH 
level, a flow rate is selected first, and then voltage was varied from low to high in order 
to figure out the upper and lower voltage bounds, between which electrospinning will 
occur with small variation [36]. Below the lower voltage bound, there is a large variation 
in Taylor cone volume and even a falling droplet. Above the upper voltage bound, the 
Taylor cone is not observed, and the jet originates directly within the needle and 
sometimes it moves around the edge of the needle tip. This produce is repeated at 
different flow rates to obtain the allowable operating bounds diagram under a constant 
RH. In addition, the operating bounds of solutions vary with RH (figure. 3.3 and 3.4), 
since RH affects the jet current and electric force (as shown in section 4). 
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Figure 3.3 Operating upper (full line) and lower 
(dash line) voltage bounds of PEO/water solutions 
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To achieve a broad range of operating conditions to study the process physics, a set 
of experiments of 7wt% PEO/water solutions was conducted at the upper and lower 
voltage bounds of 3 different flow rates (0.01 ml min-1, 0.03 ml min-1, and 0.05 ml min-1) 
under 6 different RH levels (30%, 36%, 40%, 48%, 51% and 60% RH). The operating 
bounds of 30% RH and 60% RH are shown in figure. 3.3. In addition, a set of 
experiments of 12wt% PVP/alcohol solutions was conducted at the upper and lower 
voltage bounds of 3 different flow rates (0.03 ml min-1, 0.05 ml min-1, 0.07 ml min-1) 
under 3 different RH levels (25%, 35% and 50%). Figure. 3.4 shows the operating 
electric field bounds of PVP/ethanol solutions under 25% and 50% RH conditions. 
The allowable operating bounds for PEO/water solutions are larger than those for 
PVP/ethanol solutions. The observation can be explained by different viscosity of those 
solutions (table. 3.1). The shear viscosity of 7wt% PEO/water solutions is ~ 20 times 
larger than that of 12wt% PVP/ethanol solutions. Thus, for PEO/water solutions, it needs 
a larger electrical force to form a jet from the Taylor cone. In addition, the smaller 
viscosity also results in a smaller range of operating regimes for PVP/ethanol solutions 
than PEO/water solutions. 
 
3.3 Experimental measurements and measurement systems 
An electrospinning system was developed to provide not only a basic 
electrospinning apparatus, but also the capability of monitoring multiple process states in 
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real-time and setting actuator set points for the syringe pump, high voltage power supply 
and RH control system. 
 
 
 
 
 
 
 
 
 
 
Experimental measurements 
Figure. 3.5 shows the measurable parameters of the system. The interaction of the 
electrostatic forces and the surface tension of the liquid create a ‘Taylor’ cone at the end 
of the needle, which can be measured with a characterized Volume (∀) [39].  When the 
electrical force is larger than the surface tension, a jet emerges from the Taylor cone and 
Figure 3.5 Measurable process parameters 
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is accelerated due to Coulomb forces [39]. The straight jet is characterized by the jet 
diameter at specific length (𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚 at 3 mm point from the needle as well as 𝑑𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙
 at the 
end of straight jet region). 
At a critical point, perturbations are not cancelled and the bending region starts. This 
can be characterized by a bending angle (θ) [39]. To measure the fiber current (I), a 
current sensor is placed between the collector and NI USB-6008 data acquisition (DAQ) 
card. 
 
Imaging technology 
The system can obtain image data for three major regions: (1) the Taylor cone 
region, (2) the straight jet region, (3) and the start of the bending instability region. Two 
CCD/CMOS video cameras based vision systems were used to characterize the process 
states in the Taylor cone, straight jet region and onset point of the bending instability 
region. The two CCD/CMOS video cameras are integrated into a Labview-based image 
acquisition and real-time processing software to obtain corresponding information of 
Taylor cone, straight jet region and the onset point of the bending region. Figure. 3.5 
shows the information obtained by the 2 CCD/CMOS video cameras, including Taylor 
cone volume, the straight jet diameter (𝑑𝑆,𝑗𝑒𝑡), and the bending angle (𝜃). Figure. 3.6 
shows the structure of the vision system and image processing. The real-time image is 
displayed on the computer screen to help operators supervise the spinning process. At the 
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same time, the data and useful information are saved in a spreadsheet file [39]. 
 
 
 
A modified lens-camera is used to provide high resolution, high contrast and high 
magnification images to analysis the jet sharp. A 15cm long extension tube is used to 
connect a Nikon 70 to 300mm macro lens and a high resolution ISG camera with a 
highest resolution of 2048 × 1536. The camera has different models on resolution and 
frame rate (fps). The available highest frame rate increases as applied resolution 
decreases. This assembly provides an effciently small field of view (FOV) and high 
magnification images for Taylor cone region (figure. 3.7). A high-light LED plate 
provides a back light source. The ISG camera is positioned in front of the jet. Generally, 
the field of view of this camera is adjusted to around 4mm to 5mm with the high 
resolution model (responding highest frame fate is 5 fps), which provides a measurement 
resolution ~ 3μm /pixel.  
In order to measure the thin jet diameter (typically ~10 μm) at the end of straight jet 
region, we seek a big enough magnification to resolve object of such size. The lens will 
provide a native magnification while the extension tube will provide additional 
magnification. The formula is the following: 
Figure 3.6 Structure of vision system 
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𝑀𝑡𝑜𝑡𝑎𝑙 = 𝑀𝑛𝑎𝑡𝑖𝑣𝑒 +
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝐸𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝑇𝑢𝑏𝑒
𝐹𝑜𝑐𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ
    (3.1) 
 
 
 
 
 
 
 
 
 
Experimentally, we find that the optimal setup is to set the focus distance at 24 cm 
and the extension tube length to 40 cm. the native magnification that the lens provides is 
0.25x and the focal length of the lens at focus distance 9.5 inch is 200mm. Therefore, the 
final magnification of the optic setup is: 
𝑀𝑡𝑜𝑡𝑎𝑙 = 0.25 +
400𝑚𝑚
200𝑚𝑚
= 2.25𝑥    (3.2) 
Figure 3.7 Real-time image and measurements of Taylor cone 
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With this magnification, a ~ 2mm field of view with ~1 μm/pixel resolution is 
achieved. Due to the jet fluctuation, we need a large focus depth to ensure the jet is on the 
focus. The relation between focus depth (L) on focus (f), focus length (l) and aperture (F) 
is expressed as 
𝐿 =
2𝑓2𝐹𝛿𝑙2
𝑓4−𝐹2𝛿2𝑙2
    (3.3) 
where 𝛿 is permissible circle of confusion, which is determined by the camera sensor 
pixel dimension (1/40 mm). Since the focus depth is proportional to the aperture. Thus, 
we selected the largest aperture (F=16) to capture the jet picture with ~ 800μm focus 
depth. In the focus, the uncertainty of the jet measurement comes from the edge of the jet. 
𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 = 2 ∗ 1𝑝𝑖𝑥𝑒𝑙 ∗ 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 2𝜇𝑚  (3.4) 
Since the fluctuation increases with jet elongation, we selected a small exposure time 
(~1 ms) to capture the jet diameter the end of straight jet region. Figure. 3.8 shows a 
picture of straight jet at the end 
of straight jet region.  
The blur of the picture 
mainly comes from the 
modulation transfer function 
(MTF), which measures how 
much contrast the lens 
330  μm 
Figure 3.8 Image of straight jet at 80 mm away from the 
needle (close to the end of straight jet region) for PEO/water 
solutions (36% RH, 0.05ml/min and 28kV) 
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successfully transfer from the object to the image. The image created by the lens will 
often lose contrast compared to the original object (figure. 3.9) [40]. Since MTF 
represents the amount of contrast that is reproduced, the higher the MTF, the more 
contrast is preserved, therefore, the clearer the image is. The reason for the lost of 
contrast is that lens cannot perfectly converge light. Therefore, the intensity of the light is 
lost. The effect of internal reflection also adds to the lost in contrast.  
 
 
 
 
 
 
 
The grabbed images are sent to the computer and processed by the image processing 
software simultaneously. The diameter of Taylor cone and jet can be determined and 
calculated by the sudden change in the brightness values of the pixels in the image. Each 
image is scanned from top to bottom automatically and a series of diameters for each 5 
pixels are recorded in spreadsheets. Taylor cone volume can be computed by the sum of a 
series of cone volumes based on these diameter values, which is given by the following 
Figure 3.9 MTF numerical demonstration. (A) is the original test pattern; (B) is the 
image of the test pattern; (C) is the line profile of the original test pattern where 
255=white and 0=black; (D) is the line profile of the image of the test pattern. [40] 
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equation: 
           (3.5) 
where 𝑟𝑖 =
1
2
𝑑𝑖 is the radius and ∆𝑧 is the measurement interval. 
The bending angle (𝜃) is defined as the angle of the bending envelope cone. It 
indicates that the bending diameter of the envelope cone expands in the process. Figure. 
3.10 shows an example of the original image of the onset bending region. 
 
 
 
 
 
 
Current sensor 
A smaller than 3 microampere electric fiber current need to be obtained by the 
system. A current sensor (figure 3.12) was developed and placed between the collector 
and the NI USB-6008 data acquisition (DAQ) card (figure. 3.11). The current sensor is a 
current to voltage converter, which outputs a zero to ten-volt analog signal corresponding 
Figure 3.10 Real-time image of the bending region 
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to 0 to 2 𝜇A current. The voltage signal is sampled by the DAQ device at 1000 Hz and 
converted to a current signal. A 2nd order non-causal filter with a cut-off frequency of 10 
Hz is used to eliminate noise from ambient and power supply in the signal post-
processing provided by Yan [36]. The measured current data is correlated to image data 
by using the same reference time. 
 
SEM analysis 
The electrospun PEO and PVP fibers were imaged using a Zeiss SUPRA 40VP 
FESEM (Field Emission Scanning Electron Microscope). Fibers were deposited on an 
aluminum foil sheet, which was placed on the fiber collector. The deposition process 
continues for a few minutes for each run. Then, the aluminum foil was moved into a lab 
hood and stored there for one day in order to remove the residual solvent and charge. 
After this drying process, the fiber samples were prepared by cutting the aluminum foil 
into 1𝑐𝑚 × 1𝑐𝑚 pieces and adhering them to SEM specimen stubs with carbon tape. 
Fiber specimens were sputter coated with an Au/Pd film for 20 seconds before imaging. 
Five to eight specimens were cut from the foil for each run to obtain the SEM images 
with 5 images taken per specimen. The number of fibers collected for diameter analysis 
was typically on the order of 300 to 600 from 40 to 60 SEM images. This provides a 
sufficient statistical significance for obtaining a diameter distribution histogram. In order 
to assist in collecting fiber diameter data, a program utilizing LabView imaging analysis 
Figure 3.11 Schematic of electric current measurement 
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(a) (b) 
(c) (d) 
(e) (f) 
Figure 3.12 SEM images of electrospun nanofibers of 7wt% PEO/water solutions for the 
voltage conditions in V=25.5 kV (a); V=27.5 kV (c); V=30 kV (e) (Q=0.042 ml/min, scale bar 
= 1 μm). Fiber diameter distributions of 7wt% PEO/water solutions for those voltage 
conditions are shown for V=25.5 kV (b); V=27.5 kV (d); V=30 kV (f). 
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module was developed to assist in collecting, analyzing, and plotting histograms of fiber 
size distribution (figure. 3.12) [36]. Each fiber had several measurements for obtaining 
true average. To track the measurement record process in the original image, the software 
automatically catalogs the fiber numbers, their diameter values and their standard 
deviation for the original image to track the measurement record process. The standard 
deviation of fiber diameter (𝜎𝑁 =
𝜎
?̅?
) indicates the uniformity of fiber diameters. 
 
3.4 Electrospinning apparatus 
The electrospinning apparatus (figure. 3.13) shown consists of an upper aluminum 
disk with a diameter of 19cm and an aluminum collector with a size of 41cm by 41cm 
setup in an enclosed chamber with a variable offset distance in a range between 5cm to 
40cm. The electrospinning direction can set to be vertical or horizontal. In our research, 
all experiments were conducted in vertical direction. 
The parallel-plate arrangement provides a uniform external electric field and help to 
direct the jet to the collector. A plate around the needle also reduces the likelihood of 
corona discharge [39]. A stainless steel needle (pipe thread mounts, 16 gauge, 1/4" NPT, 
2" long) purchased from McMaster-Carr with an inner diameter of 0.047 inches (1.19mm) 
and outer diameter of 0.065 inches (1.65mm) is inserted through a hole in the center of 
the upper disk. An exhaust is installed at the bottom of the enclosed chamber to exhaust 
evaporated solvent after experiment (figure 3.13). One removable transparent plastic 
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plate covers the front of the enclosed chamber which provides the access to load fiber foil, 
to set up offset distance, and clean the chamber. The dimension of the chamber is 
55𝑐𝑚 × 56𝑐𝑚 × 56𝑐𝑚. A digital syringe pump (Harvard Apparatus, PHD 2000) (figure. 
3.13) delivers the fluid from the syringe to the needle via a Teflon tube and controls the 
flow rate. The Teflon tube has an inner diameter of 1/16 inch (1.56 mm) and an outer 
diameter of 1/8 inch (3.18 mm). Its length is about 40cm. A connector was manufactured 
to connect the Teflon tube with the steel needle. A Luer-lock type quick connector 
assembly (Upchurch #P-628 and P-345X) is attached to the other end of the Teflon tube. 
This assembly provides the fitting to the Luer-lock syringe at the syringe pump. 
 
 
 
 
 
 
 
 
 
Cam 1 
Cam 2 
Collector 
Pump 
Salt 
bath 
Upper 
plate 
Exhaus
t 
Power 
supply 
DAQ 
Current 
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Humidity & 
temperature 
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Light 
Enclosed 
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Figure 3.13 Electrospinning apparatus. 
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Actuators control 
The two actuators, the high voltage power supply, and the digital syringe pump were 
also integrated with the master Labview program as well (figure. 3.14). The control of the 
power supply also utilized the I/O interface of DAQ (figure 3.15). However, since the 
pump had a digital RS-232 interface, it could communicate with the central computer 
directly. Communication with the power supply and the syringe pump enables real-time 
control capability of both voltage and flow rate. 
 
 
 
 
 
 
 
 
 
 
Figure 3.14 Labview based software interface displays all the measurements and control 
panel 
Figure 3.15 High voltage power supply control 
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Relative humidity control strategy 
In order to investigate the influence of RH, a combined salt bath system and water 
heater system is applied as a RH control strategy to adjust the RH for the experimental 
environment within 10% – 90%.  
For the water heater system, water vapor, is generated by heated water, is infused 
into chamber to increase the RH level when the ambient RH is lower than the required 
value [39]. By adjusting the heating temperature of water, the RH in the chamber could 
stay at any value. The water heater is placed far away from the chamber, so that the effect 
of water heater on the experimental temperature can be negligible.  
 
 
 
 
 
 
 
 
Figure 3.16 RH dynamic by salt bath of magnesium chloride 
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Magnesium chloride powders (Aldrich Co.) were used to absorb the water vapor 
when ambient RH is higher than the requirement. By adjusting the amount of salt, the RH 
in the chamber could stay at any required value. Figure. 3.16 shows the dynamic of RH 
change in the chamber by using salt bath, a steady state of ~ 20% RH can be achieved 
within 45 minutes. 
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Chapter 4: Role of bending region and the effect of RH 
In the electrospinning process, a polymer/solvent jet keeps straight in a short length 
at the early state (5 cm – 20 cm), which is much shorter than the length of jet in the 
following bending region, which is at the order of meter (~ 50m for PEO/water, ~5 m for 
PVP/ethanol, ~ 8 m for PVP/methanol and ~ 22 m for PVP/1-butanol, see details in 
section 6 and 8). To investigate the electrospinning process, it is desired to understand the 
role of straight jet region and the bending region. In this chapter, the role of bending 
region in determining the fiber diameter is investigated based on measured jet sharp. The 
importance of jet stretching and mass transfer in the bending region (in terms of solvent 
evaporation and water absorption) are evaluated. In addition, the effect of RH is captured 
by comparing the experimental measurements (e.g. current, straight jet diameter and fiber 
diameter) under different RH conditions. Fiber diameter correlations are found based on 
measured straight jet diameter, solvent evaporation rate and RH, which raise some 
questions that we are interested in. 
 
4.1 Experimental analysis for role of stretching and mass transfer 
Measured straight jet sharp 
Figure. 4.1 shows the measured straight jet diameters for PEO/water solutions at 3 
different RH conditions (36%, 48% and 60%). The measured jet diameters are shown in 3 
regions: the Taylor cone region, the upper straight jet region and the lower straight jet 
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region. In the Taylor cone region, the jet diameter decreases dramatically from 1600 μm 
to 100 μm (dd/ds > 1000 μm cm-1). In the upper straight jet region, the jet diameter 
decreases quickly. In the lower straight jet region, the straight jet diameter appears to be 
constant with end reading on the order of 10 μm and dd/ds ~ 0.1 μm cm-1. The bars on 
each data point shown in figure. 4.1 are from the observed measurement variation. The 
measured jet diameters at the end of straight jet region ( 𝑑𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙
) for those PEO 
experiments with 3 different RH are shown in table. 4.1. We also measured the jet 
diameter over the straight jet region for PVP/methanol, PVP/ethanol and PVP/1-butanol 
solutions (see appendix. A). 
Table 4.1. Measured electrospinning jet diameter and straight jet length for PEO/water 
solutions experiments. 
 
 
 
RH 𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚(μm) 𝑑𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙
 (μm) 𝑑𝑓𝑖𝑏𝑒𝑟
𝑚𝑒𝑎𝑠 (nm) 
36% 71 8.67 440 
48% 91 10.1 360 
60% 115 10.6 270 
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Figure 4.1. Straight jet diameter measurement at different RH ( ▲  36%, ■ 48% and ◆  60%) 
for 7% PEO/water solutions. (28 kV and 0.05 ml/min.) a) Jet diameter decreases dramatically in 
Taylor cone (dd/ds > 1000 𝛍𝐦/cm); (b) Jet diameter in upper straight jet region (c) Jet diameter 
decreases slowly at the lower straight jet region (dd/ds ~ 0.1 𝛍𝐦/cm). 
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Degree of jet stretching 
Figure. 4.1 shows that the jet diameter-length relation appears rather flat (jet 
diameter deformation rate dd/ds is ~ 0.1 μm cm-1) in the lower straight jet region, which 
seems to indicate that jet stretching is done in the straight jet region, and raises the 
question of how much more stretching actually will occur in the bending region (beyond 
diameter reduction due to evaporation).  
Based on the measured straight jet diameters and final fiber diameters, a sketch of jet 
deformation in the electrospinning process is plot in figure. 4.2, which illustrates the 
degree of jet stretching in the straight jet and bending regions, based on PEO/water 
experimental data. The 𝑑𝑆,𝑗𝑒𝑡
𝑑𝑟𝑦 (final) (shown in figure. 4.2) is the jet diameter at the end of 
straight jet region (calculated with the solvent removed), representing the achieved fiber 
diameter, if there was no stretching in the bending region. The calculation from a volume 
balance is given by: 
𝑑𝑆,𝑗𝑒𝑡
𝑑𝑟𝑦 = 𝑑𝑆,𝑗𝑒𝑡 ∙ √𝑐        (4.1) 
where c is polymer weight concentration. It is noticed that the straight jet diameter at the 
end of straight jet region (𝑑𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙
) is ~ 10 𝜇𝑚 (shown in table. 4.2), which cannot explain 
achieved nanofibers, for which the diameter is ~ 360 nm. So we seek to understand the 
process physics in the bending region. If we only consider evaporation in the bending 
region, the achieved fiber diameter should be the dry jet diameter at the end of straight jet 
region 𝑑𝑆,𝑗𝑒𝑡
𝑑𝑟𝑦 (final) is ~2.7μm (shown in table. 4.2), which is above 1μm and much larger 
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(~6.4 times) than the actual measured fiber diameter ( 𝑑𝑓𝑖𝑏𝑒𝑟
𝑚𝑒𝑎𝑠 ). Thus, without the 
stretching in the bending region the jet diameter cannot decrease to nano-scale. The 
bending region is where jet becomes nano-scale and where significant evaporation and 
stretching occur. The ratio of the jet diameter change with solvent removed in the straight 
jet region (𝑅𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 =
𝐴𝑆,𝑗𝑒𝑡
𝑑𝑟𝑦
(𝑓𝑖𝑛𝑎𝑙)
𝐴
𝑆,𝑗𝑒𝑡
𝑑𝑟𝑦
(3𝑚𝑚)
) is at the same level of that in the bending region 
(𝑅𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =
𝐴𝑓𝑖𝑏𝑒𝑟
𝑚𝑒𝑎𝑠
𝐴
𝑆,𝑗𝑒𝑡
𝑑𝑟𝑦
(𝑓𝑖𝑛𝑎𝑙)
), as shown in table. 4.2. Thus, the stretching in the bending 
region accounts for almost 30% – 60% of the total stretching in the electrospinning 
process.  
 
 
 
 
 
 
 
 
Straight jet length (cm) Bending jet length (m) 
Figure 4.2 Illusion of jet stretching in straight jet region and bending region. Final dry 
diameter based on the jet diameter at the end of straight jet region reveals that 
stretching is significant to determine final fiber diameter in the bending region. (based 
on PEO/water results) 
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Table 4.2 Degree of stretching impact on fiber deformation in bending region 
 
Degree of solvent evaporation 
For aqueous PEO solutions, only water evaporation occurs in the electrospinning 
process. But for non-aqueous hydrophilic PVP/alcohol solutions, the mass transfer 
Materials PEO/water PVP/methanol PVP/ethanol PVP/1-butanol 
𝑑𝑆,𝑗𝑒𝑡
dry
(3𝑚𝑚) (μm)  24 17 23.2 30.6 
𝑑𝑆,𝑗𝑒𝑡
𝑑𝑟𝑦 (𝑓𝑖𝑛𝑎𝑙) (μm)  2.67 3.78 4.96 10.1 
𝑑𝑓𝑖𝑏𝑒𝑟
𝑚𝑒𝑎𝑠 (μm) 0.36 1.22 1.89 2.59 
𝑅𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡
=
𝐴𝑆,𝑗𝑒𝑡
𝑑𝑟𝑦 (𝑓𝑖𝑛𝑎𝑙)
𝐴𝑆,𝑗𝑒𝑡
𝑑𝑟𝑦 (3𝑚𝑚)
 
1.2% 4.9% 4.6% 11% 
𝑅𝑏𝑒𝑛𝑑𝑖𝑛𝑔
=
𝐴𝑓𝑖𝑏𝑒𝑟
𝑚𝑒𝑎𝑠
𝐴𝑆,𝑗𝑒𝑡
𝑑𝑟𝑦 (𝑓𝑖𝑛𝑎𝑙)
 
1.8% 10% 14% 6.6% 
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includes both alcohol evaporation and water absorption. The degree of solvent 
evaporation in the straight jet region can be evaluated by the ratio of solvent evaporation 
rate in the straight jet region (?̇?𝑆,𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ) over the jet solvent flow rate (𝑄 ∙ (1 − 𝑐)) 
%Evap𝑆𝐽𝑅 =
?̇?𝑆,𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝑄∙(1−𝑐)∙𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
    (4.2) 
where Q is the infuse rate of solution; c is the initial polymer concentration; 𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 is 
solution density.  
The solvent evaporation rat (table. 4.3) is determined by the solvent evaporation rate 
per area [37] and the jet surface area. The surface area is determined based on the 
measured straight jet shape, the straight jet is viewed as a solution cylinder to evaluate the 
degree of solvent evaporation and water absorption in the straight jet region, for which 
diameter is characterized by the measured jet diameter at the middle of the straight jet 
region (𝑅𝑚𝑖𝑑) and length is characterized by the measured straight jet length (𝐿𝑆,𝑗𝑒𝑡) (as 
shown in table. 4.3).  Based on the solvent evaporation rate, the calculated degree of 
solvent evaporation in the straight jet region for different PVP/alcohol solutions, are all 
less than 1% (table. 4.3). Thus the bending region is significant in determining the fiber 
diameter, in terms of essentially all the evaporation and half of the jet stretching. 
The degree of water absorption in the straight jet and bending regions are identified 
by the amount of absorbed water in those regions. The calculated water mole fraction in 
straight jet and bending regions are less than 1% and ~ 20% (see chapters 7.3 and 8.2). 
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Table 4.3 Degree of solvent evaporation and water absorption in straight jet region (RH: 35%, Q: 
0.03ml/min) 
 
4.2 Effect of RH for different polymer/solvent systems 
Aqueous PEO solutions 
It is well known that RH has a significant impact on the aqueous PEO solutions 
electrospinning process, since RH affects the water evaporation rate. Figure. 4.3 shows 
that both fiber diameters and current decrease as RH increases for the PEO/water 
solutions. Fiber diameters decrease ~ 40%, while current decreases ~ 42%, as RH 
increases by 24%. It is interesting that the fiber diameter decreases while current also 
Materials PEO/water PVP/methanol PVP/ethanol PVP/1-butanol 
Concentration 7% 12% 12% 12% 
𝐿𝑆,𝑗𝑒𝑡 (cm) 10 5 8 30 
𝑅𝑚𝑖𝑑 (um) 6 4 5 15 
?̇?𝑆,𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡  (g/s) 3.3 × 10−8 1.15 × 10−7 3.7 × 10−7 4.7 × 10−7 
%Evap𝑆𝐽𝑅 0.058% 0.22% 0.72% 0.95% 
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decreases, since smaller current, which indicates smaller electrical stretching force, is 
expected to result in a thicker fiber. Figure. 4.4 shows the effect of RH on straight jet 
diameters. As RH increase from 36% to 60%, the upper straight jet diameter increases 
60%, which is consistent with the 42% decrease in current. 
 
 
 
 
 
 
 
 
 
 
 
It is known that the straight jet diameter is a balance of interaction between 
stretching electric force and retarding viscous force [39]. In addition, due to the ease to 
Fiber diameter 
Current 
Figure 4.3 Influence of RH on fiber diameters and current of 7wt% PEO/water 
solutions. (Q: 0.05 ml/min, voltage: 28 kV) 
Current 
Jet diameter 
Figure 4.4 Influence of RH on straight jet diameters and current of 7wt% PEO/water 
solutions. (Q: 0.05 ml/min, voltage: 28 kV) 
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measure straight jet diameter, straight jet diameter is used to correlate the fiber diameter. 
Figure. 4.5 shows the plot of fiber diameter (𝑑𝑓𝑖𝑏𝑒𝑟) as a function of straight jet diameter 
(𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚) measured at 3mm below the nozzle. Although the straight jet diameter provides 
local correlations to fiber diameters, those correlations vary with RH. Then considering 
RH as a fitting parameter [36], it was found that all data seem to fall close to a curve 
(figure. 4.6), which indicates that there is a correlation of fiber diameter to the measured 
straight jet diameter and RH, given by 
𝑑𝑓𝑖𝑏𝑒𝑟~𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚 ∙ (1 − 𝑅𝐻)4    (4.3) 
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Figure 4.5 PEO/water fiber diameters are plot as a function of straight jet diameters at 
3mm for different RH cases ( Red ◆: 30% RH; Red ● : 36% RH; Green ◆ : 40% RH; 
Green ● : 48% RH; Blue ◆ : 51% RH; Blue ● : 60% RH). Straight jet diameters 
provide local correlations to fiber diameters, which vary with RH. 
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The variation of fiber diameter with RH as shown in fig. 4.6 suggests that the effect 
of RH on fiber diameter is larger than the flow rate and voltage [39]. The power of RH 
term not only presents how important the effect of RH on fiber diameter formation, but 
also provides a target to investigate the physics of influence RH has on electrospinning 
process. 
 
Non-aqueous hydrophilic PVP/alcohol solutions 
Similar to PEO/water solutions, the measured current also decreases as RH increases. 
Figure. 4.7 shows that the current decreases 13.3%, 12.6%, and 19.3% for PVP/methanol, 
PVP/ethanol and PVP/1-butanol solutions respectively as RH increases from 25% to 50%. 
It is expected that the straight jet diameters (figure. 4.8) and fiber diameters (figure. 4.9) 
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Figure 4.6 PEO/water fiber diameters are plot as a function of straight jet diameters at 
3mm and RH (Red ◆: 30% RH; Red ● : 36% RH; Green ◆ : 40% RH; Green ● : 
48% RH; Blue ◆ : 51% RH; Blue ● : 60% RH). 
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should increase as RH increases, since stretching electric force decreases as RH increases. 
The upper straight jet diameter increases 16.5%, 15.7% and 15% for PVP/methanol, 
PVP/ethanol and PVP/1-butanol solutions respectively as RH increases 25%. However, 
the measured fiber diameter decreases 40.7%, 26.7%, and 49% for PVP/methanol, 
PVP/ethanol and PVP/1-butanol solutions respectively as RH increases 25%. 
 
 
 
 
 
 
In addition, the measured current for PVP/alcohol solutions are ~ 1/5 – ~1/100 of the 
measured current for PEO/water solutions, which is consistent with the solution 
conductivity as shown in table. 3.1. The conductivity of PVP/alcohol solutions are ~ 1/12 
– ~1/150 of the conductivity of PEO/water solutions. Also, the PVP/methanol has a 
larger (~7 times) current than PVP/1-butanol solutions, since the conductivity of 
PVP/methanol is ~ 15 times larger than that of PVP/1-butanol solutions.   
 
Figure 4.7 Influence of RH on fiber diameters (solid line) and current (dash line) for 
12wt% PVP/methanol (blue), PVP/ethanol (green) and PVP/1-butanol (red) solutions. 
(Upper bound of 0.05 ml/min) 
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The diameter of the upper straight jet diameter near the Taylor cone (𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚) can be 
used as part of a correlation to the fiber diameter (𝑑𝑓𝑖𝑏𝑒𝑟) (figure. 4.9(a)). In our earlier 
study on PEO/water solutions, the other factor related is proportional to solvent 
evaporation rate. Figure. 4.9(b) shows the correlation using the evaporation rate of each 
alcohol, which provide some better correlations, but still varied with RH.  
𝑑𝑓𝑖𝑏𝑒𝑟~𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚 ∙ ?̇?𝑒𝑣𝑎𝑝
0.3     (4.4) 
Equation 4.4 implicates that solvent evaporation rate plays a role on fiber diameter 
correlation for PVP/alcohol solutions, although the power of solvent evaporation rate is 
0.3. 
  
Figure 4.8 Influence of RH on straight jet diameters (solid line) and current (dash line) 
for 12wt% PVP/methanol (blue), PVP/ethanol (green) and PVP/1-butanol (red) 
solutions. (Upper bound of 0.05 ml/min) 
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Figure. 4.9 Correlation of fiber diameters to measurable parameters for PVP/alcohol solutions: (a) 
correlation based on straight jet diameters; (b) correlation based on straight jet diameters and 
solvent evaporation rate; (c) correlation based on straight jet diameter, solvent evaporation rate as 
well as RH.  Blue : PVP/methanol; Green : PVP/ethanol; Red: PVP/1-butanol; : 25% RH; : 
35% RH; : 50% RH 
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Considering RH, figure. 4.9 (c) shows that a general fit can be obtained if (1 − 𝑅𝐻)2 
is used. This general fiber diameter correlation indicates that there is a general process 
physics. And it also raises a question how does RH affect the final fiber diameter? Since 
alcohol is hydrophilic, the second order dependence on RH suggests that the water 
absorption strongly affects the process physics. 
𝑑𝑓𝑖𝑏𝑒𝑟~𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚 ∙ ?̇?𝑒𝑣𝑎𝑝
0.3 ∙ (1 − 𝑅𝐻)2    (4.5) 
In addition, this universal fiber diameter correlation suggests that there are general 
process physics that describe the electrospinning process, since the solution properties 
(see section 3.1) and operating conditions (see section 3.2) vary in a broad range. 
 
4.3 Summary and issues 
 In this chapter, the role of bending region in determining fiber diameter and the 
effect of RH are investigated experimentally for both aqueous PEO and non-aqueous 
hydrophilic PVP/alcohol solutions. Based on experimental observations, some issues are 
raised to help us understand the dominant process physics in determining the final fiber 
diameter. 
 The universal fiber diameter correlations for PEO/water and PVP/alcohol 
solutions over a broad range of operating conditions and solution properties suggest that 
there is a general process physics in determining the final fiber diameter. The 
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experimental observations indicate that bending region is significant in determining fiber 
diameter where both jet stretching and mass transfer are important. In order to study the 
general process physics in the bending region, both mass and force balances need to be 
considered, which is the knowledge base for our bending region model (see section 5 and 
7). In addition, since most solvent evaporation and water absorption occur in the bending 
region, the mass transfer for the non-aqueous hydrophilic PVP/alcohol solutions is 
complex, which is a challenge for the process physics study and model development (see 
section 7). 
The different power of RH in the fiber diameter correlation raises a question that 
how RH affects the jet stretching and mass transport in the bending region (section 6.2 
and 8.2). We also seek to understand why both current and fiber diameter decrease as RH 
increases. As RH increases, the fiber diameter is expected to increase, since the current 
and the electric stretching force decrease.  
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Chapter 5: Bending region model development for PEO/water solutions 
The objective to develop a model describing the bending region jet behavior is 
twofold: to determine the dominant process physics in the bending region that determines 
the fiber diameter, and to explicitly study the effect of RH. A model is developed, 
capturing the coupled mass and force balances, to predict the fiber diameter within 6% of 
measured fiber diameters for PEO/water solutions over a broad range of operating 
conditions.  
Numerical method for differential equations of mass and force balances in the 
bending region are used on discrete lumps with a short length (ds). The numerical results 
enable us to understand how process parameters (e.g. jet radius (R), jet flow rate (Q) and 
other quantities of interest) vary with position. 
The modeling work in the bending region is complicated, since there are a number of 
factors that we have to determine, including helix angle (α), air cross velocity (𝑣𝑎𝑖𝑟), as 
well as property values (such as external viscosity). Estimates and assumptions for these 
factors are given in the following sections. In some cases, a parametric analysis is used to 
determine reasonableness by comparing the modeling results to the measured 
observations. In the straight jet region, these unknown coefficients and parameters are 
easier to determine, since the whole jet sharp can be measured. But, in the bending region, 
only the initial and terminal conditions are known. 
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In this chapter, we focused on the dominant physics that determine the final fiber 
diameter for aqueous PEO solutions. For aqueous PEO solutions, the mass transport is 
only water evaporation. In the chapter 7, we will extend our model to PVP/alcohol 
solutions, for which, the mass transport not only include solvent evaporation, but also 
water absorption.  
 
5.1 Mass balance  
The mass conservation of 
the i-th lump in the bending 
region (figure. 5.1) requires that: 
𝑄𝑖+1 − 𝑄𝑖 = ∆Q = −
?̇?𝑒𝑣𝑎𝑝
𝑖
𝜌𝑤𝑎𝑡𝑒𝑟
 (5.1)                             
where Qi is the rate that fluid 
flows in the i-th lump (𝑚3 𝑠−1); ∆Q is the rate that fluid evaporated from the i-th lump 
(𝑚3 𝑠−1). ?̇?𝑒𝑣𝑎𝑝
𝑖  is the evaporation rate of i-th lump (g 𝑠−1); 𝜌𝑤𝑎𝑡𝑒𝑟  is water density 
(g 𝑚−3). 
The water evaporation rate, ?̇?𝑒𝑣𝑎𝑝
𝑤𝑎𝑡𝑒𝑟, is given by the mass transfer coefficient and the 
difference between the saturation vapor pressure of a chemical in the boundary layer over 
the liquid and the vapor pressure present in ambient air. For water, the evaporation rate is:  
𝛼 
B
en
d
in
g
 A
x
is 
𝑣𝑠 
i-th lump 
?̇?𝑒𝑣𝑎𝑝 
𝑣𝑧 
𝑣𝑎𝑖𝑟 
R
b
 
Figure 5.1 Mass transport of i-th jet lump 
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                               ?̇?𝑒𝑣𝑎𝑝
𝑤𝑎𝑡𝑒𝑟 = ℎ𝑤𝐴 ∙ (1 − RH) ∙
𝑃𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑
𝑤𝑎𝑡𝑒𝑟 ∙𝑀𝑤𝑤𝑎𝑡𝑒𝑟
𝑅𝑎𝑖𝑟∙𝑇
                   (5.2) 
where RH is relative humidity; A is the jet surface area, ℎ𝑤  is the mass transfer 
coefficient of water from liquid to gas; 𝑃𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑
𝑤𝑎𝑡𝑒𝑟  is saturated water vapor pressure; 
𝑀𝑤𝑤𝑎𝑡𝑒𝑟 is water molecular weight; 𝑅𝑎𝑖𝑟 is ideal gas constant; T is ambient temperature. 
The mass transfer coefficient ℎ𝑤  is described by the empirical relationships between 
dimensionless quantities 
Sh =
d∙ℎ𝑤
𝐷𝑤
= 𝐶𝑜𝑛𝑠𝑡. 𝑅𝑒𝑚𝑆𝑐𝑛                    (5.3) 
where d is the characteristic length, 𝐷𝑤  is the diffusion rate of water in air; 𝑅𝑒  is 
Reynolds number; Sc is Schmidt number; and 𝑆ℎ is Sherwood number (which is related 
to the cross flow velocity and the geometry of the jet).  
For an electrospinning jet surface, Yarin et al. [28] reported the following correlation 
for the Sherwood number: 
                                    Sh = 0.495𝑅𝑒1/3𝑆𝑐1/2                          (5.4) 
  The mass transfer coefficient can be rewritten as: 
                              ℎ𝑤 =
0.495𝑅𝑒1/3𝑆𝑐1/2𝐷𝑤
2𝑅
                  (5.5) 
where 𝑣𝑎𝑖𝑟 is the air cross the lump surface velocity; R is the radius lump. The surface 
area can be written as: 
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                                     𝐴𝑖 = 2𝜋𝑅 ∙ ∆𝑠                               (5.6) 
where ∆𝑠 is the lump length. Substituting equation (5.5) and (5.6) into equation (5.2), the 
mass transfer rate of water can be presented as a function of air velocity cross the jet 
surface (𝑣𝑎𝑖𝑟), jet radius (R) and relative humidity (RH): 
 ?̇?𝑒𝑣𝑎𝑝 = 𝜌 ∙ 𝑑𝑄 = 𝐶 ∗ 𝑣𝑎𝑖𝑟
1
3 𝑅
1
3 ∗ (1 − 𝑅𝐻)𝑑𝑠              (5.7) 
where C is a constant, C = 1.95𝜈𝑎
1
6𝐷𝑎
1
2 𝑃𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑
𝑤𝑎𝑡𝑒𝑟 ∙𝑀𝑤𝑤𝑎𝑡𝑒𝑟
𝑅𝑎𝑖𝑟∙𝑇
; 𝜈𝑎  is the kinematic viscosity of 
air; 𝐷𝑎  is the water vapor diffusion rate in air.  
The air cross velocity ( 𝑣𝑎𝑖𝑟 ) is estimated as 𝑣𝑎𝑖𝑟 = 𝑣𝑠 ∙ sin(𝛼) ∙ cos(𝛼)  (see 
derivation in appendix. B). At the start of bending region, 𝑣𝑎𝑖𝑟 can be measured as the jet 
flow velocity (𝑣𝑠 ) at the end of straight jet region, which is typically 10 m s
-1. In the 
bending region, the helix angle, 𝛼 (angle between the jet centerline and horizontal axis), 
can not be directly measured. We approximate 𝛼  from the bending angle (θ ), the 
projection distance on the z axis (H) and the vertical distance that jet passes in one circle 
(∆z), as tan (𝛼) =
∆𝑧
2𝜋𝐻∙tan (𝜃)
 (see Appendix B). In the model, we assume that the air cross 
velocity is a constant, 10 m s-1. Appendix. B analyzes the reasonableness of the air cross 
velocity, as well as the implication for jet length. 
Equation (5.7) shows the direct dependence of water evaporation rate on RH for 
aqueous solutions. However, alcohol solvent (methanol, ethanol and 1-butanol) 
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evaporation rates also show a dependence on RH, due to the absorption of water, which 
will be discussed in the chapter 7. 
 
5.2 Force balance 
Numerical method for differential equation of force balance in the bending region is 
used on discrete lumps with a short length ds. The determination for the lump length is 
shown in section 5.3. A force balance is developed for the bending region, which is used 
to determine the change of jet geometry when coupled to the mass balance. Our 
differential force balance equation in the bending region is an extension of Hohman’s [24] 
and Feng’s [26] work (see his equation 3 and 7). In the bending region, the momentum 
change of the jet  (1. 
𝐷𝑀
𝐷𝑡
) equals to the sum of the forces acting on the jet : 
𝜌𝑣𝑠
𝜋𝑅2
𝑑
𝑑𝑠
(𝑄) + 𝜌𝑣𝑠
𝑑
𝑑𝑠
(𝑣𝑠) =
3
𝑅2
𝑑
𝑑𝑠
(𝜂∗𝑅2
𝑑
𝑑𝑠
𝑣𝑠) + [
𝜎𝑠
?̅?
𝑑
𝑑𝑠
𝜎𝑠 −
2𝜎𝑠
?̅?𝑅
𝑑
𝑑𝑠
(𝑅𝜎𝑠)] +
2𝜎𝑠𝐸∞
𝑅
𝑠𝑖𝑛α  
 
+𝜌𝑔 ∙ 𝑠𝑖𝑛𝛼 +
𝛾
𝑅2
𝑑
𝑑𝑠
𝑅 + (ϵ − 𝜖)̅𝐸∞
𝑑
𝑑𝑠
𝐸∞   (5.8) 
 
where (2) is extensional viscous force (Fvis); (3) is charge to charge force (Fcharge); (4) is 
electric field force (Fe-field); (5) is the gravity (G); (6) is surface tension (Fγ); (7) is electric 
force from external electric field change (Ff). The differences in this equation for bending 
(5. G)      (6. 𝐹𝛾)   (7. 𝐹𝑓) 
 
(1. 
𝐷𝑀
𝐷𝑡
)   (2. 𝐹𝑣𝑖𝑠)         (3. 𝐹𝑐ℎ𝑎𝑟𝑔𝑒)   (4. 𝐹𝑒−𝑓𝑖𝑒𝑙𝑑) 
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region from Feng’s equation for straight jet region are: a) the helix angle (α) in terms of 
the electric field force (4. 𝐹𝑒−𝑓𝑖𝑒𝑙𝑑) and gravity (5. G), b) the charge-to-charge force term 
is expanded to include the axial charge-to-charge force (𝐹𝑐ℎ𝑎𝑟𝑔𝑒
𝑎𝑥𝑖𝑎𝑙 = −
2𝜎𝑠
?̅?𝑅
𝑑
𝑑𝑠
(𝑅𝜎𝑠)). c) 
effect of evaporation on the change of momentum is included. 
In the straight jet region, where solvent evaporation is negligible (
𝑑
𝑑𝑠
𝑄 = 0), and jet 
axis is vertical (α = 90𝑜), equation 5.8 reduces to: 
𝜌𝑣𝑠
𝑑
𝑑𝑠
(𝑣𝑠) =
3
𝑅2
𝑑
𝑑𝑠
(𝜂∗𝑅2
𝑑
𝑑𝑠
𝑣𝑠) + [
𝜎𝑠
?̅?
𝑑
𝑑𝑠
𝜎𝑠 −
2𝜎𝑠
?̅?𝑅
𝑑
𝑑𝑠
(𝑅𝜎𝑠)] +
2𝜎𝑠𝐸∞
𝑅
  
+𝜌𝑔 +
𝛾
𝑅2
𝑑
𝑑𝑠
𝑅 + (ϵ − 𝜖)̅𝐸∞
𝑑
𝑑𝑠
𝐸∞    (5.9) 
Comparing equation 5.9 to Feng’s equation [26], the only difference is in the charge-
to-charge force term (3. 𝐹𝑐ℎ𝑎𝑟𝑔𝑒). There are 2 terms of the charge-to-charge forces: a) a 
stress of normal charge-to-charge force to the jet surface (𝐹𝑐ℎ𝑎𝑟𝑔𝑒
𝑛𝑜𝑟𝑚𝑎𝑙 =
𝜎𝑠
?̅?
𝑑
𝑑𝑠
𝜎𝑠) due to the 
repulsion of surface charge (𝑓𝑐ℎ𝑎𝑟𝑔𝑒
𝑛𝑜𝑟𝑚𝑎𝑙 ), b) an axial charge-to-charge force (𝐹𝑐ℎ𝑎𝑟𝑔𝑒
𝑎𝑥𝑖𝑎𝑙 =
−
2𝜎𝑠
?̅?𝑅
𝑑
𝑑𝑠
(𝑅𝜎𝑠)) due to the axial charge distribution, as shown in figure. 5.2. In the bending 
region, the axial charge-to-charge force (𝐹𝑐ℎ𝑎𝑟𝑔𝑒
𝑎𝑥𝑖𝑎𝑙 ) is a significant stretching force in the 
bending region (the total charge-to-charge force is shown in figure. 6.7). The derivation 
of axial charge-to-charge force is shown below: 
The axial charge-to-charge force is a conservative body force acting on the jet in the 
bending region. The volumetric axial charge-to-charge force is given by: 
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𝐹𝑐ℎ𝑎𝑟𝑔𝑒
𝑎𝑥𝑖𝑎𝑙 = 𝜎∀ ∙ (−∇𝑉𝐸)     (5.10) 
where 𝜎∀ is the volumetric charge density, 𝜎∀ =
2𝜎𝑠
𝑅
; 𝑉𝐸 is the electric potential due to a 
point charge, 𝑉𝐸 =
𝑅𝜎𝑠
?̅?
. Evaluating equation 5.10, the volumetric axial charge-to-charge 
force can be expressed as: 
𝐹𝑐ℎ𝑎𝑟𝑔𝑒
𝑎𝑥𝑖𝑎𝑙 = −
2𝜎𝑠
?̅?𝑅
𝑑
𝑑𝑠
(𝑅𝜎𝑠)    (5.11) 
In the bending region, since the external electric field is relatively constant, the 
electric force from external electric field change (Ff) is assumed to be small (e.g. 
𝑑
𝑑𝑠
𝐸∞ =
0). In addition, our modeling analysis reveals the jet radius (R), jet flow rate (Q) and 
helix angle (α) in the whole straight jet region. Based on equation 5.8, magnitudes of all 
force terms can be calculated out. Table. 5.1 shows that the gravity and surface tension 
are also not important in the bending region. Thus the dominant force balance (figure. 5.3) 
in the bending region is given in equation 5.12.  
𝜌𝑣𝑠
𝜋𝑅2
𝑑
𝑑𝑠
(𝑄) + 𝜌𝑣𝑠
𝑑
𝑑𝑠
(𝑣𝑠) =
3
𝑅2
𝑑
𝑑𝑠
(𝑅2𝜂∗
𝑑
𝑑𝑠
𝑣𝑠) + [
𝜎𝑠
?̅?
𝑑
𝑑𝑠
𝜎𝑠 −
2𝜎𝑠
?̅?𝑅
𝑑
𝑑𝑠
(𝑅𝜎𝑠)] +
2𝜎𝑠𝐸∞
𝑅
𝑠𝑖𝑛α  (5.12) 
 
where 
𝐷𝑀
𝐷𝑡
 is the change of momentum; 𝜎𝑠 is surface charge density; 𝜖 ̅is permittivity of 
air; 𝐸∞ is the ambient electric field; α is the helix angle, as shown in figure. 5.3; Q is 
volume flow rate; and 𝜂∗ is the extensional viscosity (see derivation in appendix B). 
       ( 1. 
𝐷𝑀
𝐷𝑡
)                (2. Fvis)                 (3. Fcharge)                (4. Fe-field)                      
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Table 5.1. Magnitudes of forces in the bending region for the upper bound of 36% RH and 0.05 
ml/min flow rate. 
 
 
 
 
 
 
 
 
 
 
Forces Electric 
field force 
(𝐹𝑒−𝑓𝑖𝑒𝑙𝑑) 
Charge-to-
charge force 
(𝐹𝑐ℎ𝑎𝑟𝑔𝑒) 
Viscous 
force 
(𝐹𝑣𝑖𝑠) 
Surface 
tension 
(𝐹𝛾) 
Gravity 
(G) 
Magnitudes (N) 5 × 10−10 6 × 10−10 7 × 10−10 8 × 10−12 1 × 10−14 
𝑓𝑐ℎ𝑎𝑟𝑔𝑒
𝑛𝑜𝑟𝑚𝑎𝑙 
𝐹𝑐ℎ𝑎𝑟𝑔𝑒
𝑎𝑥𝑖𝑎𝑙  
Figure 5.2. In the bending region, the charge-to-charge term includes: a) a stress of normal charge-
to-charge force to the jet surface (𝑭𝒄𝒉𝒂𝒓𝒈𝒆
𝒏𝒐𝒓𝒎𝒂𝒍) due to the repulsion of surface charge (𝒇𝒄𝒉𝒂𝒓𝒈𝒆
𝒏𝒐𝒓𝒎𝒂𝒍) within a 
section of the jet, and b) an axial charge-to-charge force (𝑭𝒄𝒉𝒂𝒓𝒈𝒆
𝒂𝒙𝒊𝒂𝒍 ) due to the axial charge 
distribution. 
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Figure 5.3. Force balance for a jet lump in the bending region 
 
 
 
 
 
 
 
To model the extensional viscous force (term 2. Fvis in equation (5.12)), the 
extensional viscosity (𝜂∗) is determined from the measured shear viscosity (𝜂0) and the 
non-dimensional parameter Trouton ratio (Tr) for the solution, by 𝜂∗ = 𝜂0 × 𝑇𝑟. For a 
Newtonian fluid, the Trouton ratio is 3. However, for a polymer solution, the polymer 
chains can be entangled with the surrounding molecules, which results in an 
intensification of activation barriers, leading to strain hardening [35]. When stretching a 
polymeric liquid from the rest, the extensional viscosity increases with strain, resulting in 
a larger Trouton ratio due to strain hardening. The Tr used in our model is for the bending 
region, which is after the substantial stretching that has occurred in the straight jet region 
(jet diameter decreases from ~ 100 um to ~10 um over a length of ~ 10 cm). Although the 
Trouton ratio changes as a function of strain and strain rate (the modeled strain rate is 
shown in appendix. B), we assume a constant Tr, since we do not have the functional 
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relation. Since we have not measured the Tr experimentally, we utilize a fitted Trouton 
ratio, 𝑇?̂?, based on comparing model results to the observation of the jet diameter change 
rate (
𝑑𝑑
𝑑𝑠
) at the end of the straight jet region, and the final fiber diameter. A value of 𝑇?̂? 
~1,000 is found to work well (see appendix. B). Although this value is seemly high for an 
entangled solutions [41], the value achieves good modeling results over a broad range of 
operating conditions, in terms of flow rate and RH (which significantly affect evaporation 
rate and 
𝜕𝑄
𝜕𝑠
), which results in different extensional viscous force conditions.  
In addition, the shear viscosity (𝜂0 ) increases with jet elongation due to solvent 
evaporation (e.g. the increase in concentration). Yan [36] shows a power law fitting of 
zero shear viscosity on PEO/water solution concentration, 𝜂0~𝑐
4.5 , based on 
experimental measurements on 5% – 15% PEO/water solutions, which is used in the 
previous model. 
To relate the charge density to experimental conditions, the measured current is 
related to surface charge density (𝜎𝑠). The total current (I) flowing in the fiber is I =
2𝜎𝑠𝑄
𝑅
+ 𝜋𝐸∞𝐾𝑅
2, where K is the conductivity of solution. Away from the nozzle, the 
advection current in the jet becomes dominant compared to the conduction, since the 
Pelect number (𝑃𝑒 =
2𝑣0?̅?
𝑅0𝐾
 reflects the ratio of advective current to conductive current) is 
much larger than 1 in the bending region, so that 𝜎𝑠 =
𝐼𝑅
2𝑄
. Then substituting 𝜎𝑠 =
𝐼𝑅
2𝑄
 and 
𝑣𝑠 =
𝑄
𝜋𝑅2
 into equation (5.12),  
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[
2𝜌𝑄
𝜋2𝑅4
𝑑𝑄
𝑑𝑠
−
2𝜌𝑄2
𝜋2𝑅5
𝑑𝑅
𝑑𝑠
] = [−
6𝜂∗
𝜋𝑅3
𝑑𝑅
𝑑𝑠
𝑑𝑄
𝑑𝑠
+
3𝜂∗
𝜋𝑅2
𝑑2𝑄
𝑑𝑠2
+
6𝜂∗𝑄
𝜋𝑅4
(
𝑑𝑅
𝑑𝑠
)
2
−
6𝜂∗𝑄
𝜋𝑅3
𝑑2𝑅
𝑑𝑠2
] + [−
3𝐼2𝑅
4𝜖Q2
𝑑𝑅
𝑑𝑠
+
𝐼2𝑅2
4𝜖𝑄3
𝑑𝑄
𝑑𝑠
]      
 
+[
𝐸∞𝐼 sinα
𝑄
]                                               (5.13) 
 
Equation (5.13) reveals that all forces and momentum are dependent on flow rate (Q) 
and jet raidus (R). Thus mass and force balances are coupled by flow rate (Q) and jet 
radius (R). RH has a direct influence on mass transfer rate, which in turn affects the jet 
stretching. 
 
5.3 Numerical simulation 
Simulation of the coupled mass transport and force equation for the entire jet is done 
by cascaded coupling of the lump elements. Two differential state equations (5.7) and 
(5.13) are solved for each lump. And the exit conditions are propagated as inputs to the 
next lump.  
Each lump has a length of 1mm, since the analysis result error is less than 0.2% (table. 
5.2). There are at most 105 lumps in the simulation work. Thus, this is a low order 
dynamic model composed of 2*105 differential equations. The simulation is conducted in 
Matlab R2014b and differential equations are solved by calling Matlab ODE solver.  
   (1.
𝐷𝑀
𝐷𝑇
)                         (2. Fvis)                           (3. Fcharge)                            
 
(4. Fe-field) 
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First, the solution properties and environmental parameters are set into the routine as 
system parameters. These parameters include, lump length, air cross velocity on the jet 
surface, solution density, solvent molecular weight, polymer molecular weight, solvent 
vapor diffusion rate in air, air viscosity, temperature, air pressure and saturated solvent 
vapor pressure. 
 
Table 5.2. Modeling fiber diameter change rates for different lump length 
 
The initial conditions used in the simulation are jet radius (R0), the flow rate (Q0), 
measured current ( I0 ) applied electric field (𝐸∞ ), relative humidity (RH), polymer 
concentration (c0), jet flow velocity (v0), surface charge density (𝜎𝑠0), and related by: 
𝑣0 =
𝑄0
𝜋𝑅0
2                                  (5.14) 
𝜎𝑠0 =
I0𝑅0
2𝑄0
                      (5.15) 
Lump length (mm) 10 5 1 0.5 0.1 
|
𝒅𝒇𝒊𝒃𝒆𝒓
𝒊 − 𝒅𝒇𝒊𝒃𝒆𝒓
𝒊+𝟏
𝒅𝒇𝒊𝒃𝒆𝒓
𝒊 | 
8.7% 1.1% 0.2% 0.14% - 
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The initial conditions that are specified, include jet radius (R0), the flow rate (Q0), 
measured current (I0), applied electric field (𝐸∞), Relative humidity (RH) and polymer 
concentration (c0). 
 
 
 
 
 
 
An initial guess is made for the radius at the end of the 1st lump, which is also the 
radius at the start of 2nd lump, then the average radius of the first lump can be achieved. 
After the average radius of the first lump is achieved, the evaporation rate on the first 
lump can be calculated out based on equation (5.7), and the jet diameter thinning rate 
𝑑𝑟
𝑑𝑠
 
can also be calculated out. Then all forces and momentum change can be calculated out. 
The radius at the end of each lump is then refined iteratively until the forces and 
momentum change are balanced (i.e. equation (5.13) is satisfied). (The convergence of 
the solver is checked with error less than 1%, shown in figure. 5.4). Once the jet radius at 
the end of the 1st lump is determined, which satisfies equation (5.13), a small step 
forward in length (lump length) was taken and the polymer concentration was updated. 
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Figure 5.4 Convergence for solving force balance equation 
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The program iterated forward in time until the polymer concentration (𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙) was 
larger than 90%, which is assumed the terminal state of the electrospinning process (as 
shown in figure 5.5). Then the jet behavior for the whole bending region can be plot out. 
Three different RH cases are evaluated in the chapter 6. 
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Figure 5.5 Flow diagram of the program iteration. 
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5.4 Experimental verification 
Experiments for PEO/water solutions were conducted over a broad range of operating 
conditions (flow rate varies by a factor of 5, voltage varies by a factor of 1.43, and RH 
varies by a factor of 2), which results in a large range of the final fiber diameter (which 
varies by a factor of 3), as shown in figure. 5.5. 
 
 
 
 
 
 
 
 
A constant fitted 𝑇?̂? = 1,000, and a constant air cross velocity 𝑣𝑎𝑖𝑟 = 10𝑚/𝑠  are 
used for 7wt% PEO/water solutions simulation. Based on the measured jet diameters at 
the end of straight jet region and the current in those PEO/water solutions experiments, 
the model predicted and measured fiber diameters are shown in figure. 5.6 as a function 
of the straight jet diameter at (3mm) and the RH. The average fiber diameter difference 
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Figure 5.6 Comparison experimental measurements and modeling predictions of fiber 
diameter for different operating conditions (upper and lower voltage bounds for RH: 
30% - 60%, Q: 0.03 - 0.07 ml/min conditions). The absolute average fiber diameter 
difference between modeling and experimental results is less than 6%. 
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between modeling and experimental results is less than 6%, |𝑒𝑎𝑣𝑒𝑟𝑎𝑔𝑒| =
∑ |
𝑑𝑓𝑖𝑏𝑒𝑟
𝑚𝑒𝑎𝑠−𝑑𝑓𝑖𝑏𝑒𝑟
𝑚𝑜𝑑𝑒𝑙
𝑑𝑓𝑖𝑏𝑒𝑟
𝑚𝑒𝑎𝑠 |
𝑁=18
𝑖=1
𝑁
< 6%, which suggests that the developed model captures dominant 
process physics in the bending region determining final fiber diameters. 
  
 
 
73 
Chapter 6: Modeling analysis for PEO/water solutions 
In this chapter, we focus on modeling analysis for PEO/water solutions, in terms of 
dominant process physics and the impact that RH has in the bending region. We analyzed 
the factors that determine the resulting jet diameter reduction as a function of RH. This 
provides insight as to how the evaporation rate affects the electrical-viscous force balance. 
 
6.1 Contribution of jet stretching and water evaporation 
Using the model, the jet behavior in the bending region is plot in figure. 6.1. To gain 
insight into the stretching contribution to the jet diameter decrease, figure. 6.1 shows the 
jet diameter with solvent removed in the bending region. Figure. 6.1 shows that the jet 
diameter decreases to nano-scale at the late stage of bending region (beyond 50m) due to 
the coupled relation between mass and force balances. However, it is noticed that the rate 
of jet stretching is greatly reduced in the lower bending region (after 13 m), which raises 
the question of how significant the stretching is in the lower bending region. 
The plot of the jet diameter with solvent removed in the whole bending region 
(figure. 6.2) reveals that the jet stretching in the lower bending region has a significant 
impact for achieving the final fiber diameter. At the lower bending region, the jet 
diameter decreases ~1 𝜇𝑚 due to stretching, which is ~53% of the whole dry jet diameter 
change in the bending region. The jet stretching rate is large in the upper bending region, 
where the jet diameter only decreases ~15% due to its short jet length (~ 0.5 m). And then 
the jet stretching rate decreases dramatically throughout the transition region (0.5 – 13m).  
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Without the jet stretching in the lower bending region, the jet diameter would not 
decrease to nano-scale. Thus, the jet stretching is significant for the jet deformation over 
the whole bending region, even when there is a very low stretching rate (~ 6 ×
10−4 𝑢𝑚 𝑐𝑚−1), due to the long length over which the jet is still stretching. 
To understand where the stretching comes from, we plot out the net stretching force 
(sum of electric and extensional viscous forces) in the bending region (figure. 6.3). The 
net stretching force decreases dramatically from the upper bending region to the lower 
bending region. Although the net stretching force is very small at the lower bending 
region, it is not zero. The 53% stretching in the lower bending region comes from the 
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Figure 6.1 Model prediction of jet diameter in the bending region, which shows contribution 
of stretching and solvent evaporation. The model inputs are 0.05 ml/min flow rate, 80,000 
V/m electric field, 60% RH and 1848 nA current for 7% PEO/water solution. 
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small net stretching force and the long length of the lower bending region.  
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Figure 6.2 Model predictions showing the role of stretching and evaporation to achieve the 
nano-scale diameter. The jet diameter decreases 15% in the first ~ 0.5m (upper bending 
region), decreases 32% from 0.5m to 13m (transient region), and lastly decreases 53% 
slowly from 13 m to the end (lower bending region). 
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6.2 Effect of RH on water evaporation and jet stretching 
To explain why the fiber diameter decreases as RH increases for PEO/water solution, 
we analyze the jet behavior for 3 different RH cases (figure. 6.4). The jet length is 
reflective of the stretching time in the bending region. A higher RH level leads to a lower 
water evaporation rate, which results in a longer stretching time and jet length. Figure. 
6.4 shows that the calculated jet length increases ~ 40% as RH increases from 36% to 
60%.  
It is also found that the net stretching force increases as RH increases for PEO/water 
solutions, as shown in figure. 6.5. For example at 50m, the calculated net stretching force 
increases ~80%, as RH increases from 36% to 60%, which raises the question of why 
does the net stretching force increases as RH increases? 
Lower bending region  
0.E+00
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N
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Bending jet length, 𝒔 (𝒎) 
Figure 6.3. Net stretching force as a function of jet length in the bending region. Although 
the net stretching force is very small, non-zero stretching force occurs in the lower bending 
region. 
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The net stretching force is the sum of electric and extensional viscous forces in the 
bending region (figure. 6.6). It is found that both electric and extensional viscous forces 
decrease as RH increases. However, by examining the degree of decrease in the electric 
force and extensional viscous force, it is found that the reason for the increase of net 
stretching force for increasing RH is that the extensional viscous force decreases more 
significantly with RH. The extensional viscous force is more sensitive to the change of 
RH since it affects the evaporation rate. But how does RH affect the stretching electric 
forces and retarding viscous force? 
Both electric field force and charge-to-charge force (equation 5.12) are a function of 
charge density (𝜎𝑠) and jet radius (R). Figure. 6.7 shows that the electric field and charge-
Figure 6.4 Jet diameter for 3 different RH levels (red: 36% RH, gray: 48% RH, blue: 
60% RH), showing that the calculated jet length increases ~40%, as RH increases from 
36% (red) to 60% (blue). 
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to-charge forces are of the same order, but the effect of RH on the charge-to-charge force 
is greater than that on the electric field force.  
 
 
 
 
 
 
 
 
 
 
 
The extensional viscous force is determined by shear stress on the lump (τ =
6𝜂∗
𝑅
𝑑𝑣𝑠
𝑑𝑠
𝑑𝑅
𝑑𝑠
+ 3𝜂∗
𝑑2𝑣𝑠
𝑑𝑠2
) and surface area per lump (A = π𝑅2 ) (equation 5.12). As RH 
increases, the shear stress will decrease (figure. 6.8(a)) due to the lower evaporation rate, 
but the surface area are similar (figure. 6.8(b)). Thus the extensional viscous force 
decreases as RH increases. 
Since the mass and force balances are coupled to determine the final fiber diameter, 
the increase of RH leads to a decrease in water evaporation rate, which in turn increases 
the jet length (stretching time) and net stretching force. As RH increases, the jet has both 
Lower bending 
region (3) 
Jet length, s (m) 
 
Bending jet length, 
𝒔 (𝒎) 
Bending j t length, 𝒔 (𝒎) 
Figure 6.5 Plot of net force for 3 RH conditions (red: 36% RH, gray: 48% RH, blue: 60% RH). Net 
force for 60% RH is ~ 1.8 times larger than for 36% RH at the dash line. 
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a longer stretching time (jet length) and a greater stretching force, which results in the 
decrease of fiber diameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
Bending jet length, s (m) Bending jet length, s (m) 
Figure 6.6. Plot of (a) viscous and (b) electric forces as a function of RH (red: 36% RH, gray: 
48% RH, blue: 60% RH). Net force increases since reduction of extensional viscous force (a) 
with increasing RH is greater than that of electric force (b). 
Bending jet length, s 
(m) 
Bending jet length, s 
(m) 
Figure 6.7. Plot of both electric field force and charge-to-charge force. Those forces are of 
the same order, but the effect of RH on charge-to-charge force is greater than that of the 
electric field force. (red: 36% RH, green: 48% RH, blue: 60% RH) 
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Figure 6.8 The extensional shear stress (a) and surface area (b) as a function of jet length for 
different RH levels (red: 36% RH, green: 48% RH, blue: 60% RH). 
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Chapter 7: Bending region model development for PVP/alcohol solutions 
A model is developed, capturing the coupled mass and force balances, to get insight 
into the process physics. Since alcohol is a hydrophilic solvent, it absorbs water from the 
surrounding moisture air, and both the alcohol solvent and the absorbed water must 
evaporate to achieve the final dry fibers. The major challenge for developing the bending 
region model for PVP/alcohol solutions is modeling the mass transfer, which include 
solvent evaporation as well as water absorption. 
To understand the basis for water absorption, diffusion and evaporation, water 
absorption in a stationary alcohol liquid in various moisture environments is investigated 
first. The modeling and experimental analysis reveals that the water absorption is limited 
by the water diffusion in alcohol, and mass transfer rates are determined by surface state, 
in terms of water and alcohol mole concentrations. Next, to model an electrospinning 
PVP/alcohol jet, an axial flux of water and alcohol with a radial flux of water diffusion 
and multiple components evaporation/absorption on surface are considered. A 2-D 
lumped model is developed to simulate the mass transfer of an electrospinning 
PVP/alcohol jet. 
The developed mass balance is coupled with force balance in the bending region to 
reveal the physics that determines the fiber diameter and the effect of RH. The modeling 
results are validated by electrospinning experiments of three PVP/alcohol solutions with 
significantly different properties over a broad range of operating conditions. 
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7.1 Mass transfer: water absorption and solvent evaporation 
7.1.1 Mass transfer physics 
Due to the hydrophilic nature of alcohol, the mass transfer for alcohol includes the 
water vapor flux (𝐽𝑎𝑖𝑟
𝑤𝑎𝑡𝑒𝑟), alcohol vapor flux (𝐽𝑎𝑖𝑟
𝑠𝑜𝑙𝑣𝑒𝑛𝑡) in the air, and the water diffusion 
(𝐽𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑤𝑎𝑡𝑒𝑟 ), alcohol diffusion (𝐽𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ) in the solution (figure. 7.1). 
The water and alcohol fluxes in air (𝐽𝑎𝑖𝑟
𝑖 ) and the fluxes in solution (𝐽𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑖 ) are 
described by an empirical equation (7.1) and Fick’s first law equation (7.2) respectively. 
𝐽𝑎𝑖𝑟
𝑖 = ℎ𝑖 ∙ 𝐴 ∙ (𝑐𝑠𝑢𝑟𝑓
𝑖 (v) − 𝑐𝑎𝑖𝑟
𝑖 (v)) ∙ 𝑀𝑤𝑖  (7.1)  
𝐽𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑖 = 𝐷𝑖 ∙ 𝐴 ∙ ∇𝑐
𝑖 (𝑙) ∙ 𝑀𝑤𝑖   (7.2) 
where ℎ𝑖 is the mass transfer coefficient of water (solvent), which is related to Sherwood 
number [42]; A is the surface area; 𝑀𝑤𝑖 is molecular weight of water or solvent; 𝐷𝑖 is the 
water diffusivity in alcohol; 𝑐𝑠𝑢𝑟𝑓
𝑖 (v) is the mole concentration of water (solvent) vapor 
in the vapor phase; 𝑐𝑎𝑖𝑟
𝑖 (v) is the mole concentration of water (solvent) vapor in the 
ambient air; 𝑐𝑖 (𝑙) is the water (solvent) mole concentration in liquid phase; ∇𝑐𝑖 (𝑙) is the 
water mole concentration gradient in the liquid.  
Equation (7.1) reveals that mass transfers in the air are driven by the water (solvent) 
vapor mole concentration difference between ambient air (𝑐𝑎𝑖𝑟
𝑖 ) and solution surface in 
the vapor phase (𝑐𝑠𝑢𝑟𝑓
𝑖 (v)). By assuming the water vapor (𝑐𝑎𝑖𝑟
𝑤𝑎𝑡𝑒𝑟) and alcohol vapor 
 
 
83 
( 𝑐𝑎𝑖𝑟
𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ) mole concentrations in ambient air to be constant, the only unknown 
parameters for determining water and solvent fluxes in air (𝐽𝑎𝑖𝑟
𝑖 ) are the water and solvent 
vapor mole concentrations on surface. Equation (7.2) shows that the diffusion in the 
solution is driven by the water and solvent mole concentration gradients (∇𝑐𝑖 (𝑙)), which 
are the only unknown parameters to determine the water and solvent fluxes in solution 
(𝐽𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑖 ). 
 
 
 
 
 
 
Thus the only unknown parameters for the mass transfer are surface conditions, 
including water and solvent mole concentrations and their gradients. The relation 
between 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑖 (v) and 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑖 (𝑙) is (Raoult’s law): 
𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑖 (v) ∙ 𝑃 = 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑖 (𝑙) ∙ 𝛾𝑖 ∙ 𝑃𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑
𝑖 ∙
𝑀𝑤𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛∙𝜌𝑎𝑖𝑟
𝑀𝑤𝑎𝑖𝑟∙𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 (7.3) 
𝐽𝑎𝑖𝑟
𝑤𝑎𝑡𝑒𝑟 
𝐽𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑤𝑎𝑡𝑒𝑟  
Surface 
Solution 
(Liquid) 
Air (Vapor) 
 
𝑐𝑠𝑢𝑟𝑓
𝑤𝑎𝑡𝑒𝑟(𝑙) 
𝑐𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑤𝑎𝑡𝑒𝑟  
𝑐𝑎𝑖𝑟
𝑤𝑎𝑡𝑒𝑟 
𝑐𝑠𝑢𝑟𝑓
𝑤𝑎𝑡𝑒𝑟(v) 
𝑅𝑎𝑖𝑟
𝑤𝑎𝑡𝑒𝑟 
𝑅𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑤𝑎𝑡𝑒𝑟  𝐽𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡  
𝐽𝑎𝑖𝑟
𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑅𝑎𝑖𝑟
𝑠𝑜𝑙𝑣𝑒𝑛𝑡 
𝑅𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡  
𝑐𝑎𝑖𝑟
𝑠𝑜𝑙𝑣𝑒𝑛𝑡 
𝑐𝑠𝑢𝑟𝑓
𝑠𝑜𝑙𝑣𝑒𝑛𝑡(v) 
𝑐𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡  
𝑐𝑠𝑢𝑟𝑓
𝑠𝑜𝑙𝑣𝑒𝑛𝑡(𝑙) 
h 
Figure 7.1 Mass transport model of a stationary alcohol liquid with depth h including water 
absorption and alcohol evaporation 
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where P is the air pressure; 𝑃𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑
𝑖  is the saturated pressure of water (solvent) vapor in 
air; 𝛾𝑖  is the correlation for interactions in liquid phase between different molecules, 
called activity coefficient, which is used to modify the fractions or concentrations of 
components in a mixture; In a non-ideal mixture, the microscopic interactions between 
each pair of chemical species are not same (e.g. the enthalpy change of solution in mixing 
is not zero), and thus properties of the mixtures can not be expressed directly in terms of 
simple concentrations or partial pressures. There are several methods to determine the 
activity coefficient of solvents systems. In the research, we applied UNIVERSAL 
Functional Activity Coefficient (UNIFAC) model [43] to calculate the activity coefficient 
of each solvent. 𝑀𝑤𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 is the solution molecular weight; 𝑀𝑤𝑎𝑖𝑟 is the air molecular 
weight; 𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 is the solution density; 𝜌𝑎𝑖𝑟 is the air density. 
To determine the surface state, the dynamic of water (or solvent) mole concentration 
on surface is calculated from the difference in air and solution flows by: 
𝑑𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑖
𝑑𝑡
=
𝐽𝑎𝑖𝑟
𝑖 −𝐽𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑖
𝑀𝑤𝑖∙𝐴∙𝑑ℎ
    (7.4) 
where ℎ is the solution depth.  
To determine which flux limits the water absorption for a stationary liquid, the 
relation between resistances of the air (𝑅𝑎𝑖𝑟
𝑤𝑎𝑡𝑒𝑟 , equation (7.5)) and liquid (𝑅𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠
𝑤𝑎𝑡𝑒𝑟 , 
equation (7.6)) mass transfer are evaluated, in order to calculate the mass transfer Biot 
number, (𝐵𝑖𝑚 = 𝑅𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑤𝑎𝑡𝑒𝑟 /𝑅𝑎𝑖𝑟
𝑤𝑎𝑡𝑒𝑟). Table. 7.1 shows the calculated 𝐵𝑖𝑚 for a stationary 
liquid with 0.5 𝜇 m (corresponding to the typical fiber diameter 1 𝜇 m), 50 𝜇 m 
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(corresponding to the typical upper jet diameter 100 𝜇m), and 7 mm (corresponding to 
the stationary alcohol liquid depth used in evaporation experiments discussed later in this 
section) depth. Although the 𝐵𝑖𝑚 decreases as liquid depth decreases, 𝑅𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑤𝑎𝑡𝑒𝑟  is much 
larger than 𝑅𝑎𝑖𝑟
𝑤𝑎𝑡𝑒𝑟 even when the liquid depth is only 0.5 𝜇m, which suggests that the 
water absorption is limited by the water diffusion in the solution.  
𝑅𝑎𝑖𝑟
𝑤𝑎𝑡𝑒𝑟 =
1
ℎ𝑤∙𝐴∙𝑀𝑤𝑤𝑎𝑡𝑒𝑟
     (7.5) 
𝑅𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠
𝑤𝑎𝑡𝑒𝑟 =
ℎ∙𝑃𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑
𝑤𝑎𝑡𝑒𝑟 ∙𝛾𝑤𝑎𝑡𝑒𝑟∙𝑀𝑤𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛∙𝜌𝑎𝑖𝑟
𝐷𝑖∙𝐴∙𝑃∙𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛∙𝑀𝑤𝑤𝑎𝑡𝑒𝑟∙𝑀𝑤𝑎𝑖𝑟
    (7.6) 
Table 7.1 Water flux resistance ratio (𝑩𝒊𝒎) in different stationary alcohol/water systems 
with different depth 
 
7.1.2 Experimental and modeling analysis for stationary alcohol liquid  
A set of experiments were conducted to verify the developed mass transfer equations. 
The net mass evaporation rates of ethanol and 1-butanol with 7mm depth in a dish were 
measured under 3 different RH conditions (10%, 25% and 50) in a sealed box within 2 
hours (see details in appendix. C). 
Depth 𝐵𝑖𝑚 for ethanol/water 𝐵𝑖𝑚 for methanol/water 𝐵𝑖𝑚 for 1-butanol/water 
0.5 
𝜇m 
4 4 6 
50 𝜇m 328 328 563 
7 mm 45,900 45,900 78,800 
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Table 7.2 The quasi-equilibrium water and solvent mole concentrations on surface under 
different RH conditions 
 
For a stationary alcohol liquid with 7mm depth, the mass transfer occurs in one 
direction, as shown in figure 7.1. Since 𝐵𝑖𝑚 ≫ 1, the water diffusion in solution is much 
smaller than the water vapor flux in the air, which suggests that the surface state in terms 
of water (𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑤𝑎𝑡𝑒𝑟 ) and solvent (𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ) mole concentrations is at quasi-equilibrium. 
The quasi-equilibrium water mole concentration on surface in liquid phase 
(𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑤𝑎𝑡𝑒𝑟 (𝑙, quasi − equ)) is determined by the water mole vapor concentration in the 
ambient air (or RH) based on equation (7.3). Then the corresponding quasi-equilibrium 
solvent mole concentration on surface in liquid phase 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑒𝑡ℎ𝑎𝑛𝑜𝑙(𝑙, quasi − equ) can also 
be determined by: 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑒𝑡ℎ𝑎𝑛𝑜𝑙(𝑙, quasi − equ) =
𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛−𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑤𝑎𝑡𝑒𝑟 (𝑙,quasi−equi)∙𝑀𝑤𝑤𝑎𝑡𝑒𝑟
𝑀𝑤𝑠𝑜𝑙𝑣𝑒𝑛𝑡
. Table. 
7.2 shows the calculated quasi-equilibrium water and ethanol mole concentrations on 
surface in liquid phase under those 3 different RH levels.  
RH 𝛾𝑤𝑎𝑡𝑒𝑟 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑤𝑎𝑡𝑒𝑟 (𝑙, 𝑞𝑢𝑎𝑠𝑖 − 𝑒𝑞𝑢) 𝛾𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑒𝑡ℎ𝑎𝑛𝑜𝑙(𝑙, 𝑞𝑢𝑎𝑠𝑖 − 𝑒𝑞𝑢) 
10% 3.015 586.6 1.001 16920 
25% 2.718 1687 1.008 16490 
50% 2.322 4295 1.037 15470 
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Once the quasi-equilibrium water and alcohol mole concentrations on surface in the 
liquid phase determined, the alcohol evaporation rate on surface can be calculated based 
on equation (7.1), using solution parameters which are given table. C2 (appendix. C). 
Figure 7.3 shows the calculated ethanol evaporation rates on surface under those 3 
different RH levels. With RH increases, the quasi-equilibrium ethanol mole concentration 
on surface decreases (table. 7.2), which results in a decrease in the ethanol evaporation 
rate. As RH increases 40%, the ethanol evaporation rate decreases ~37%. 
The absorbed water mole concentration gradient on surface for the 7mm depth 
ethanol solution can be determined by solving Fick’s second law, equation (7.8), subject 
to the boundary and initial conditions expressed by equation (7.9) – (7.11). The analytical 
water mole concentration gradient is a function of depth (h) and time (t), expressed as: 
𝜕𝑐𝑤𝑎𝑡𝑒𝑟
𝜕ℎ
~(𝑒
−
ℎ2
4𝐷𝑖𝑡 − 1)
1
𝐷
𝑖
1/2
𝑡1/2
. Figure 7.2 shows the calculated water mole concentration 
gradient on ethanol surface as a function of time under 50% RH. The decrease of water 
concentration gradient on surface indicates that the water absorption rate decreases with 
time, which is shown in figure 7.3. 
𝜕𝑐𝑤𝑎𝑡𝑒𝑟
𝜕𝑡
= 𝐷𝑖
𝜕2𝑐𝑤𝑎𝑡𝑒𝑟
𝜕ℎ2
     (7.8) 
𝜕𝑐𝑤𝑎𝑡𝑒𝑟
𝜕ℎ
= 0 @ ℎ = 0     (7.9) 
𝑐𝑤𝑎𝑡𝑒𝑟 = 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑤𝑎𝑡𝑒𝑟 (𝑙, 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚)@ ℎ = 7𝑚𝑚   (7.10) 
𝑐𝑤𝑎𝑡𝑒𝑟 = 0 @ ℎ = 0, 𝑡 = 0    (7.11) 
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The water absorption rates (𝐽𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑤𝑎𝑡𝑒𝑟 ) from surface to body can be calculated based on 
equations (7.2). Figure. 7.3 shows the calculated water absorption rates for ethanol as a 
function of time under those 3 different RH levels. From these results, the net evaporation 
rate, which is the sum of the alcohol evaporation rate and water absorption rate can be 
determined. Figure. 7.4 compares the calculated net evaporation rates to the experimental 
measurements for ethanol under different RH conditions. The difference less than 5% 
verifies both the analytical approach and the constants used in the model. Furthermore, 
similar experiments were conducted for 1-butanol (shown in appendix. C within error of 
5%). Thus, the mass transfer equations capture the physics of water absorption and 
alcohol evaporation. 
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Figure 7.2 The plot of calculated water mole concentration gradient on surface as a function of 
time under 50% RH 
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|?̅?|
𝑁
< 5% 
Figure 7.4 Modeling (solid line) and experimental (points) net evaporation rates of ethanol are 
plot for 10% RH (blue), 25% RH (green) and 50% RH (red). The average difference between the 
modeling and experimental results is less than 5%. 
PVP/ethanol 
Figure 7.3 Modeling water absorption rates (dash line) and modeling ethanol evaporation rate 
(solid line) under 10% RH (blue), 25% RH (green) and 50% RH (red). 
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7.1.3 2-D lumped model for an alcohol jet mass transfer in bending region 
For a polymer/solvent jet, this analysis must be extended to consider the jet shape. 
The water diffusion in the jet (equation (7.8)) needs to be considered in the cylindrical 
coordinate with different boundary conditions. The analytical water concentration in jet 
without axial advection (no solution flow) is a function of radius (r) and time (t), 
expressed as: 𝑐𝑤𝑎𝑡𝑒𝑟~∫
1
𝜉∗
𝑒−
𝜉∗
2
4 𝑑𝜉∗
𝜉
∞
, where 𝜉∗ =
𝑟
√𝐷𝑖𝑡
. Figure 7.5 shows the analytical 
water mole concentration profile as a function of time in a jet with 5 μm radius under 50% 
RH. This suggests that the absorbed water mole concentration in the jet is not uniform. 
Since the water absorption is limited by water diffusion in the jet (𝐵𝑖𝑚 ≫ 1), it is 
required to determine the water mole concentration profile in the jet to capture the water 
diffusion. To develop a lumped model to describe the mass transfer in jet, a set of 3 radial 
lumps (∆𝑅1: ∆𝑅2: ∆𝑅3 = 5:4:1 from jet surface to jet central) are used in the same axial 
coordinate to approximate the water mole concentration profile in the jet in terms of 
water mole concentration on surface and water mole concentration in each radial lump, 
based on the analytical water mole concentration profile in the jet (figure 7.5). The water 
mole concentration in each radial lump is characterized by the average water mole 
concentration in the lump, and thus the water mole concentration gradients at the left and 
right sides of the lump are different. The modeled water concentration profile is 
compared to the analytical water concentration profile (figure 7.5), which indicates that 
the 3 radial lumps can capture the water diffusion in the jet.  
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To capture the axial advective flux of water and alcohol due to the jet solution flow 
and the radial diffusive flux of water and alcohol cross the jet, a 2-D lumped model 
(figure 7.6) is used to determine the water and alcohol mole concentration profiles and 
the mass transfer rates for a n-th set of jet radial lumps with 1mm lump length. The 
determination for the lump length is given in appendix. D.  
 
 
 
 
 
Jet radius (𝜇𝑚) 
0 1 2 3 4 5 
∆𝑅3 ∆𝑅2 ∆𝑅1 
t= 0.01 s 
t= 0.05 s 
t= 0.001 
s 
Figure 7.5 Water mole concentration profiles as a function of time in a jet with 5 um radius 
under 50% RH from the lumped simulation (blue) and from the mathematical analysis for 
Fick’s second law (red). 
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The expressions of evaporation/absorption of alcohol and water on surface, axial 
advective fluxes and radial diffusive fluxes are given in appendix. D, where all water and 
solvent fluxes are determined by water and solvent mole concentrations in each lump, 
and surface water and solvent mole concentrations. For a set of 3 radial lumps section, 
there are eight unknown parameters which are water and solvent mole concentrations on 
surface (𝑐𝑠𝑢𝑟𝑓,𝑛
𝑖 ) and water and solvent mole concentrations in each of the 3 radial lumps 
(𝑐𝑚+1,𝑛
𝑖 , 𝑐𝑚,𝑛
𝑖 , and 𝑐𝑚−1,𝑛
𝑖 ). The unknown lump states can be determined by iteratively 
solving the mass balance equations in each lump and on surface (see equations D2.g – 
D2.j in appendix. D) until a convergence is achieved (see appendix. D). Once the lump 
𝐽𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡
 
𝐽
𝑚,𝑛−
1
2
𝑤𝑎𝑡𝑒𝑟
 𝐽
𝑚,𝑛−
1
2
𝑠𝑜𝑙𝑣𝑒𝑛𝑡
 
m, n m+1, n 
m-1, n 
𝐽
𝑚+
1
2,𝑛
𝑤𝑎𝑡𝑒𝑟
 𝐽
𝑚−
1
2,𝑛
𝑤𝑎𝑡𝑒𝑟
 
s r 
𝐽𝑎𝑖𝑟,𝑛
𝑤𝑎𝑡𝑒𝑟
 
𝐽𝑎𝑖𝑟,𝑛
𝑒𝑡ℎ𝑎𝑛𝑜𝑙
 
𝐽𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑛
𝑤𝑎𝑡𝑒𝑟
 
n-th set of radial 
lumps 
𝐽
𝑚+
1
2,𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡
 𝐽
𝑚−
1
2,𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡
 
𝐽
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𝑤𝑎𝑡𝑒𝑟
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𝑠𝑜𝑙𝑣𝑒𝑛𝑡
 
C L 
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Figure 7.6 Sketch illustrating two-dimensional numerical analysis of water absorption and solvent 
evaporation for n-th jet lumps 
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states are determined, the mass fluxes in terms of evaporation and absorption of water 
and alcohol surface, the radial diffusion and axial advection are determined based on the 
fluxes functions (see equations D2.a – D2.f). 
The evaporation and absorption of alcohol and water on surface are two significant 
fluxes we are interested in, since they determine how much water is absorbed, the total 
axial jet flow rate, and how fast the jet solidifies. Once the water and solvent mole 
concentrations on the n-th set of 3 radial lumps surface (𝑐𝑠𝑢𝑟𝑓,𝑛
𝑖 (v)) are calculated, the 
water absorption rate and alcohol evaporation rate on n-th set of 3 radial lumps surface 
(equation (7.1)) can be determined from: 
?̇?𝑛
𝑤𝑎𝑡𝑒𝑟  =  𝐽𝑎𝑖𝑟,𝑛
𝑤𝑎𝑡𝑒𝑟  =  ℎ𝑤 ∙ 𝐴𝑛 ∙ (𝑐𝑠𝑢𝑟𝑓,𝑛
𝑤𝑎𝑡𝑒𝑟(v) − 𝑐𝑎𝑖𝑟
𝑤𝑎𝑡𝑒𝑟) ∙ 𝑀𝑤𝑤𝑎𝑡𝑒𝑟  
= 1.95𝑣𝑎
1
6 ∙ 𝑣𝑎𝑖𝑟
1
3 ∙ 𝑅𝑛
1
3 ∙ (𝑐𝑠𝑢𝑟𝑓,𝑛
𝑤𝑎𝑡𝑒𝑟(v) − 𝑅𝐻 ∙
𝑃𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑
𝑤𝑎𝑡𝑒𝑟
𝑅𝑎𝑖𝑟∙𝑇
) ∙ 𝐷𝑤𝑎𝑡𝑒𝑟−𝑎𝑖𝑟
1
2 ∙ 𝑀𝑤𝑤𝑎𝑡𝑒𝑟 ∙ 𝑑𝑠  (7.12) 
?̇?𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡  =  𝐽𝑎𝑖𝑟,𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡  =  ℎ𝑠 ∙ 𝐴𝑛 ∙ (𝑐𝑠𝑢𝑟𝑓,𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡(v) − 𝑐𝑎𝑖𝑟
𝑠𝑜𝑙𝑣𝑒𝑛𝑡) ∙ 𝑀𝑤𝑠𝑜𝑙𝑣𝑒𝑛𝑡  
= 1.95𝑣𝑎
1
6 ∙ 𝑣𝑎𝑖𝑟
1
3 ∙ 𝑅𝑛
1
3 ∙ 𝑐𝑠𝑢𝑟𝑓,𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡(v) ∙ 𝐷𝑠𝑜𝑙𝑣𝑒𝑛𝑡−𝑎𝑖𝑟
1
2 ∙ 𝑀𝑤𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ∙ 𝑑𝑠    (7.13) 
where 𝑣𝑎  is the kinematic viscosity of air; ds is the differential jet length; 𝑅𝑎𝑖𝑟 is ideal 
gas constant; T is the temperature;  𝑣𝑎𝑖𝑟  is the air cross velocity, 10m/s, which is 
determined in [42]. Equation (7.12) reveals that the water will start to evaporate from the 
jet surface, when the water vapor mole concentration on the n-th set of 3 radial lumps 
surface is larger than the ambient water vapor mole concentration. By assuming that the 
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solvent vapor mole concentration in air is 0, and both water and solvent vapor 
concentrations do not change in the air concentrations (since the amount of absorbed 
water and evaporated alcohol is relatively small), the net evaporation rate for the n-th set 
of 3 radial lumps is: 
?̇?𝑛𝑒𝑡,𝑛 = −𝑑𝑄 ∙ 𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = ?̇?𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡 + ?̇?𝑛
𝑤𝑎𝑡𝑒𝑟  
          = 1.95𝑣𝑎
1
6 ∙ 𝑣𝑎𝑖𝑟
1
3 ∙ 𝑅𝑛
1
3 ∙ [(𝑐𝑠𝑢𝑟𝑓,𝑛
𝑤𝑎𝑡𝑒𝑟(v) − 𝑅𝐻 ∙
𝑃𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑
𝑤𝑎𝑡𝑒𝑟
𝑅𝑎𝑖𝑟∙𝑇
) ∙ 𝐷𝑤𝑎𝑡𝑒𝑟−𝑎𝑖𝑟
1
2 ∙ 𝑀𝑤𝑤𝑎𝑡𝑒𝑟  
 +𝑐𝑠𝑢𝑟𝑓,𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡(v) ∙ 𝐷𝑠𝑜𝑙𝑣𝑒𝑛𝑡−𝑎𝑖𝑟
1
2 ∙ 𝑀𝑤𝑠𝑜𝑙𝑣𝑒𝑛𝑡] ∙ 𝑑𝑠   (7.14) 
 
which is a function of jet flow rate (Q) and jet radius (R). 
 
7.2 Force balance 
To numerically solve the force balance differential equation for the bending region, 
the bending region jet is cascaded into discrete sets of 3 radial lumps with a short length 
ds. A node is placed at the center of each set of 3 radial lumps. The force balance 
performed on each node requires the net force acting on the set of 3 radial lumps is equal 
to the change of momentum that fluxes in and out the set of radial lumps. For the n-th set 
of 3 radial lump in the bending region, although the water and alcohol mole concentration 
profiles in the 3 radial lumps are not uniform, the lump parameters (e.g. polymer 
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concentration, viscosity and jet flow velocity) are assumed to be uniform in the force 
balance equation.  
To determine the change in jet sharp, a force balance is developed from a steady state 
momentum equation for the bending region. Our previous analysis in chapter 5 has 
identified the dominant force terms, including: the extensional viscous force (Fvis), 
charge-to-charge force (Fcharge) and electric field force (Fe-field). The steady state 
momentum equation in the bending region for PVP/alcohol solutions is expressed in 
equation 5.13. 
For a polymer solution, the polymer chains can be entangled with the surrounding 
molecules, which results in an intensification of activation barriers, leading to strain 
hardening. When stretching a polymeric liquid from the rest, the extensional viscosity 
increases with strain, resulting in a larger Trouton ratio, due to strain hardening. Although 
the Tr changes as a function of strain and stain rate, we assume a constant Tr, since we do 
not have the functional relation. Since we have not measured Tr experimentally, we 
utilize a fitted Trouton ratio, 𝑇?̂?, based on comparing model results to the observations of 
the jet diameter change rate (
𝑑𝑑
𝑑𝑠
) at the end of straight jet region and final fiber diameter 
(see appendix. B). A value 𝑇?̂?~10  is found to work well for PVP/methanol and 
PVP/ethanol solutions. And a value of 𝑇?̂?~100, is found to work well for PVP/1-butanol 
solutions. Those fitted Trouton ratio values achieve good modeling results over a broad 
range of operating conditions, in terms of flow rate and RH (which significantly affect 
evaporation rate and 
𝜕𝑄
𝜕𝑠
), which results in different extensional viscous force conditions. 
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In the bending region, the shear viscosity (𝜂0) increases as the polymer concentration 
increases due to solvent evaporation, but also changes due to the relatively smaller water 
mole concentration change due to water absorption. The measured solution shear 
viscosity is shown as a function of polymer concentration (see appendix. B) and yields: 
𝜂0~𝑐
2.65 for PVP/methanol, 𝜂0~𝑐
2.67 for PVP/ethanol, 𝜂0~𝑐
3.58  for PVP/1-butanol. In 
addition, the effect of absorbed water on the solution shear viscosity is negligible 
compared to the effect of PVP concentrations on shear viscosity (see appendix. B). 
 
7.3 Numerical analysis 
To numerically solve the force balance differential equation, the bending region jet is 
divided into a number of lumps and a finite-difference scheme is used to form the set of 
coupled non-linear algebraic equation. In the radial direction, 4 nodes are placed at the 
body center and surface center of 3 radial lumps at the same axial coordinate to capture 
the radial diffusion (figure 7.6). In the axial direction, a number of node is placed at the 
center of each set of 3 radial lumps at the same axial coordinate. The mass balance 
equations (D2.g – D2.j) are applied to the set of 3 radial nodes at the same axial 
coordinate to determine the net evaporation rate (equation (7.14)), which is used to 
determine the forces acting on the set of 3 radial lumps and the jet flow rate out the set of 
3 radial lumps. The force balance (equation (5.13)) is applied to each axial node at the 
center of the set of 3 radial lumps (figure 5.3) to determine the jet shape. The 2-D lumped 
model is used to simulate the coupled mass and force balances for PVP/alcohol solutions. 
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Each jet lump has a length of 1mm since the calculated fiber diameter change is less than 
0.2% (table.7.3) and the change of calculated water concentration profile in the jet is less 
than 1% (see appendix. D). The unknown parameters, jet radius (R) and jet flow rate (Q) 
are determined by iteratively solving the mass balance equation (D2.g – D2.j) and force 
balance equation (5.13) for each set of 3 radial lumps until the solutions convergence 
below a specified value, 1%. There are at most 3 × 105 lumps in the simulation work. 
The simulation is solved using nonlinear system solver in Matlab R2014b. 
Table 7.3. Modeling fiber diameter change rates for different lump length 
 
The solution properties and environmental parameters are entered as system 
parameters. The initial conditions that are specified, include jet radius (𝑅0) measured at 
the end of straight jet region, the flow rate (𝑄0), measured current (I0), applied electric 
field ( 𝐸∞ ), relative humidity (RH), polymer concentration ( 𝑐0 ) and water mole 
concentration (𝑐𝑠𝑢𝑟𝑓
𝑤𝑎𝑡𝑒𝑟) on the surface at the start of bending region. The initial water 
mole concentration of water on surface is assumed to be 0, since the straight jet region is 
Lump length (mm) 10 5 1 0.5 0.1 
|
𝒅𝒇𝒊𝒃𝒆𝒓
𝒊 − 𝒅𝒇𝒊𝒃𝒆𝒓
𝒊+𝟏
𝒅𝒇𝒊𝒃𝒆𝒓
𝒊 | 
9.1% 1.3% 0.7% 0.24% - 
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relatively short and the effect of water absorption in the straight jet region is negligible 
(see appendix. E), as shown in table. 7.4. 
 
Table 7.4 Modeling water mole fraction on the surface at the start of the bending region for 
PVP/ethanol solutions under different RH conditions 
 
 
 
The main uncertainty for the model comes from the key assumptions: (1) the air 
cross velocity (𝑣𝑎𝑖𝑟 ), and (2) the estimated Tronton ratio (𝑇?̂? ), since they are not 
experimental measurements. A constant 𝑣𝑎𝑖𝑟 = 10 𝑚/𝑠  is used to calculate the net 
evaporation rate of equation (14), since it is the average value for the calculated air cross 
velocity along the jet based on the shape of the bending region [42]. This value is shown 
to predict the fiber diameter close to the measured values and results in reasonable jet 
lengths in the bending region [42].  Estimated values of  𝑇?̂? = 10, 10, 𝑎𝑛𝑑 100 are used 
for PVP/methanol, PVP/ethanol and PVP/1-butanol solutions respectively, since the 
modeling results based on them match the experimental observations in terms of jet 
diameter change rates at the start of the bending region and the final fiber diameters over 
a broad range of operating conditions (see appendix. B).  
RH 25% 35% 50% 
𝑥𝑠𝑢𝑟𝑓
𝑤𝑎𝑡𝑒𝑟 0.4% 0.5% 0.7% 
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To start the numerical analysis, an initial guess is made for the radius at the end of 
the 1st set of 3 radial lumps, and the water and solvent mole concentrations on the set of 
radial lumps surface and in the 3 radial lumps. Then the flux rates of water and solvent 
between each radial lump, and the water absorption rate and solvent evaporation rate on 
surface are calculated using equations (D2.a) – (D2.f). The water and solvent mole 
concentrations on jet surface and in the 3 radial sub-lumps are then refined iteratively 
until the mass balance in each lump is satisfied (convergence for solving equation (D2.g) 
– (D2.j) is shown in figure. 7.7).  
 
 
 
 
 
 
 
Once the net evaporation rate of the 1st set of radial lumps is determined, all forces 
in the 1st set of radial lumps and momentum change for the 1st set of radial lumps are 
calculated with the initial jet radius. The jet radius and the calculated net evaporation rate 
are then refined iteratively until the forces and momentum change are balanced 
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Figure 7.7 Convergence for solving mass balance equation 
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(convergence for solving force balance equation 5.13 is shown in figure. 7.8). Once both 
mass and force balances are satisfied, the jet radius at the end of the 1st jet lump, and the 
water and solvent mole concentrations of the 1st set of radial lumps are used as inputs of 
the next jet lump calculations. The next set of radial lumps is evaluated and the polymer 
concentration is updated. The program iterates forward until the polymer concentration 
(𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙) is larger than 90%, which is assumed the terminal state of the electrospinning 
process. 
 
 
 
 
 
 
 
The process parameters (e.g. jet radius (R), jet flow rate (Q), polymer concentration 
(c), water and solvent mole concentration (𝑐𝑖) and other quantities of interest, such as 
forces and mass transfer rates) that varies with position are also calculated. 
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Figure 7.8 Convergence for solving force balance equation 
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7.4 Experimental verification 
To verify the model, model and experimental results were compared for a variety of 
PVP/alcohol solutions conducted over a broad range of operating conditions and solution 
properties. In particular, flow rate varied by a factor of 2.3, voltage varied from the lower 
to upper bounds, RH varied by a factor of 2, solution shear viscosity varied by a factor of 
6.3, conductivity varied by a factor of 15, solvent evaporation rate varied by a factor of 
11.3, and water absorption rate varied by a factor of 17.9. This resulted in a large range of 
the final fiber diameter, which varied by a factor of 7. 
 
 
 
 
 
 
 
 
Figure 7.9 shows the comparison of molded results to experimental fiber diameters 
for the different RH and solvents. The average absolute fiber diameter error is less than 8% 
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Figure 7.9 Comparison experimental measurements (blue) and modeling predictions (red) of 
fiber diameters for PVP/methanol (▲), PVP/ethanol (■), and PVP/1-butanol (◆) solutions under 
different operating conditions (upper and lower voltage bounds for RH: 25% - 50%, Q: 0.03 – 
0.07 ml/min). The absolute average fiber diameter difference is less than 8% 
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for this a broad range of operating conditions and solution properties. This suggests that 
the developed model captures the dominant process physics in the bending region for 
non-aqueous hydrophilic PVP/alcohol solutions. Detailed analysis shows that solution 
properties have a relatively larger impact than RH, flow rate, and voltage. The impact of 
solution properties on force balance (equation 5.13) and mass balance (equation 7.14) 
that determining the fiber diameter is discussed in chapter 9.  
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Chapter 8: Modeling analysis for PVP/alcohol solutions 
This section analyzing the role of water absorption, RH, alcohol evaporation and jet 
stretching in determining the resulting fiber diameter using the modeling results of 
PVP/ethanol solutions. PVP/ethanol solutions have forces in between those of 
PVP/methanol and PVP/1-butanol, but has the largest net evaporation rate and therefore 
the shortest jet length.  (The detailed modeling results for PVP/methanol and PVP/1-
butanol solutions are shown in section 8.3).  
 
8.1 Water/solvent mass transfer and jet stretching in the bending region 
The modeled jet diameter and net force for PVP/ethanol in the bending region is 
shown in figure. 8.1, illustrating the degree of stretching and evaporation. The jet 
diameter with solvent removed represents the contribution of jet stretching, and shows 
that ~28% of diameter change in the bending region is due to stretching. Although the 
contribution of stretching is smaller than that of net evaporation, the bending region jet 
stretching is important since the jet diameter only decreases to nano-scale at the late stage 
of bending region. 
Comparing the shape of the net stretching force and jet diameter curves (figure 8.1) 
reveals that although the net force is very small through most the length of the jet in the 
bending region, it has a significant impact in terms of jet stretching. The bending region 
can be separated into 3 regions: upper bending region with large net force decrease, 
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transition region and lower bending region with a small net force. Although the length in 
the upper bending region is short (~0.1 m which is 2.3% of the bending jet length), the jet 
diameter decreases 10% due to the large net stretching force. However, 72% of the jet 
diameter decreases in the lower bending region due to its long jet length (~ 3.5 m which 
is 81% of the bending jet length), even though the net force is ~ 3 orders of magnitude 
smaller. 
 
 
 
 
 
 
 
 
Comparing the jet shape and net stretching force (figure 8.1) with the net evaporation 
rate curve (figure 8.3(a)) reveals that the jet thinning rate follows the evaporation rate. 
Figure 8.1 shows that the jet diameter has a sharp but limited decrease in the upper 
bending region due to the large net stretching force. This observation is similar to the 
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Figure 8.1 Model prediction of jet diameter (red), jet diameter with solvent removed (green), and 
net stretching force (blue) in the bending region for PVP/ethanol solutions (35% RH, 0.05 ml/min 
and 12 kV). 
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measured jet shape in the straight jet region (see appendix. A). However, in the straight 
jet region, evaporation is negligible,  the jet diameter decreases dramatically ~ 160 times 
due to the large net stretching force [39] over a short portion of the straight jet length, and 
then slowly decrease. In contrast, the jet diameter decreases at limited levels for much of 
the bending region. Figure 8.3(a) shows that the net evaporation rate decreases slowly in 
the bending region since the evaporation rate only is weakly determined by jet shape, 
?̇?𝑛𝑒𝑡,𝑛~𝑅𝑛
1/3
 (equation (7.14)). This results in a limited decrease in jet diameter in the 
transition and lower bending regions. In summary, the large change of net stretching 
force in the upper bending region has a relatively small effect on jet thinning rate relative 
to the effect of net evaporation rate. 
 
8.2 Effect of RH on mass and force balances 
 To determine how RH affects the electrospinning process and final fiber diameter for 
PVP/alcohol solutions, the jet behavior for 3 different RH cases for PVP/ethanol 
solutions are analyzed. (RH results for PVP/methanol and PVP/1-butanol are shown in 
chapter 8.3). The experimental conditions and modeling results for those 3 cases are 
given in table. 8.1 and figure 8.2 shows the corresponding jet behavior for the bending 
region. As RH increases from 25% to 50%, the jet length increases ~20% and the fiber 
diameter decreases ~25%.  
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Table 8.1 Experimental measurements and modeling results for PVP/ethanol solutions under 3 
different RH levels 
 
 
 
 
 
 
 
RH 
Q 
(ml/min) 
V 
(kV) 
I 
(nA) 
𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚  
(um) 
𝑑𝑆,𝑗𝑒𝑡  
(final) 
(um) 
Calculated 
𝐿𝑗𝑒𝑡 (m) 
Measured 
𝑑𝑓𝑖𝑏𝑒𝑟  
(nm) 
Calculated 
𝑑𝑓𝑖𝑏𝑒𝑟  
(nm) 
50% 0.05 11.6 90.7 30.9 9 4.96 869 893 
35% 0.05 12 92.3 27.1 9.4 4.39 1010 1020 
25% 0.05 12 97.2 24.8 9.8 3.99 1270 1190 
Figure 8.2 Jet diameters in the bending region for PVP/ethanol solutions under 3 different 
RH levels (red: 25% RH, green: 35% RH, blue: 50% RH).
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The plot of net evaporation rate as a function of jet length as a function of RH (figure 
8.3(a)) shows that a higher RH leads to a decrease in net evaporation rate. A decrease of 
net evaporation rate results in a longer jet length and stretching time. Why does net 
evaporation rate decrease with higher RH? The mole fraction of ethanol on the jet surface 
decreases for greater RH since the mole fraction of absorbed water increases (figure 
8.3(b)). This results in the net evaporation rate decreasing for greater RH since the 
decrease in alcohol evaporation rate (equations (7.12) and (7.13)), are greater than the 
amount of water absorption as shown in figure 8.3 (c).  
When does the absorbed water start to evaporate from the jet? When the water mole 
fraction on surface is larger than that in the air, the water starts to evaporate from the jet, 
instead of being absorbed from the ambient air. This occurs at ~ 3m.  Figure 8.3 (c) also 
shows that the water absorption rate is ~ 10 times smaller than the solvent evaporation 
rate on the jet surface, which occurs since water absorption is limited by diffusion 
(𝐵𝑖𝑚 ≫ 1 see chapter 7.1) and solvent evaporation rate is determined by the solvent mole 
concentration on surface. Thus the major reason for the decrease of net evaporation rate 
with increasing RH is the decrease of ethanol evaporation rate due to larger amount of 
water occupying the surface states. Although the amount of absorbed water is small 
relative to the solvent (see figure 8.4), RH significantly affects the net evaporation rate 
since RH significantly changes the surface state distribution which ultimately determines 
the solvent evaporation rate (equation (7.13)). 
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(c) 
Ethanol 
Water 
Figure 8.3 (a) modeling net evaporation rates for PVP/ethanol solutions under different RH 
conditions; (b) modeling water and ethanol mole fractions on surface for different RH conditions; (c) 
modeling water absorption rate and ethanol evaporation rate for different RH conditions. (Red: 25% 
RH; green: 35% RH; blue: 50% RH) 
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Figure 8.4 Modeling average absorbed water weight concentration in the jet for PVP/ethanol 
solutions a function of jet length under 25% RH (red), 35% RH (green) and 50% RH (blue). 
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The net stretching force is also found to increase as RH increases, as shown in figure 
8.5. At 3m (which is ~70% of bending jet length), the calculated net stretching force 
increases a modest ~7% as RH increases from 25% to 50%.  The increase of net 
stretching force with increasing RH is a result of the decrease in both electric stretching 
and extensional viscous retarding forces. Since the extensional viscous retarding force 
decreases by ~40%, which is larger than the decrease (~4.7%) in electric stretching force 
(figure 8.6), the net stretching force increases as RH increases (figure 8.5). 
 
 
 
 
 
 
Overall, both the total jet length and net stretching force determine the final fiber 
diameter. Understanding the magnitude of the effect that RH has on the net stretching 
force and jet length is important for understanding the overall impact of RH. For 
PVP/ethanol solutions, as RH increases from 25% to 50%, although the extensional 
viscous force decreases ~40%, the net stretching force only increases a modest ~7% since 
the electric force is much larger (~10 times) than the extensional viscous force due to the 
𝐹𝑛𝑒𝑡
50%
𝐹𝑛𝑒𝑡
25% = 1.07 
Figure 8.5 modeling net stretching forces for PVP/ethanol solutions under 25% RH (red), 35% 
RH (green) and 50% RH (blue). As RH increases from 25% to 50%, the calculated net stretching 
force increases ~ 7% at 3 m in the bending region. 
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relatively small viscosity and large conductivity (figure 3.2). However, this increase in 
the net stretching force cannot explain the ~25% decrease in fiber diameter (figure 8.2) 
itself. The major factor is the ~20% increase in jet length (which increases the stretching 
time). While PVP/methanol has similar results (see chapter 8.3), PVP/1-butanol behaves 
significantly different since the electric force has a similar magnitude on the extensional 
viscous force (figure 9.9 (a)) due to the relatively large viscosity and relatively small 
conductivity (figure 3.2). For PVP/1-butanol, as RH increases from 25% to 50%, the net 
stretching force increases 45% due to the 31% decrease in extensional viscous force and 
8% decrease in the electric force (see chapter 8.3). The overall 60% decrease in fiber 
diameter results from the 45% increase in net stretching force and 20% increase in jet 
length. This is consistent with the forces and jet length variation shown in figure 8.14 
(see chapter 8.3). Similar results are observed for PEO/water solutions [42]. 
 
 
 
 
 
 
 
Electric force 
Extensional Viscous 
force 
𝐹𝑒
25%
𝐹𝑒
50% = ~1.05 
𝐹𝑣𝑖𝑠
25%
𝐹𝑣𝑖𝑠
50% = ~1.4 
Figure 8.6 Plot of viscous retarding and electric stretching forces as a function of RH (red: 25% 
RH, green: 35% RH, blue: 50% RH). Net stretching force increases since reduction of extensional 
viscous force with increasing RH is greater than that of electric force 
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The model analysis provides insight as to what drives the change in force as RH 
changes. Both the electric field force and charge-to-charge force vary with the surface 
charge density (𝜎𝑠, see equation (5.8)). As RH increases, the current decreases, which 
results in a decrease in surface charge density (figure. 8.7), and electric force, since the 
surface charge density is a function of jet flow rate (see chapter 5). The extensional 
viscous force (equation (5.8)) is determined by shear stress (τ =
6𝜂∗
𝑅
𝑑𝑣𝑠
𝑑𝑠
𝑑𝑅
𝑑𝑠
+ 3𝜂∗
𝑑2𝑣𝑠
𝑑𝑠2
) 
[42]. Thus, as RH increases, the net evaporation rate decreases, which results in a smaller 
𝑑𝑣𝑠
𝑑𝑠
 and 
𝑑2𝑣𝑠
𝑑𝑠2
, and thus shear stress (figure. 8.8) and extensional viscous force decrease.   
 
 
 
 
 
 
 
 
 
Figure 8.7 Plot of modeling surface charge density for PVP/ethanol solutions along the jet for 25% 
RH (red), 35% RH (green) and 50% RH (blue). 
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Figure 8.8 Plot of modeling shear stress for PVP/ethanol solutions along the jet for 25% RH (red), 
35% RH (green) and 50% RH (blue). 
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8.3 Modeling results for PVP/methanol and PVP/1-butanol solutions 
8.3.1 Modeling results of PVP/methanol 
Table 8.2 Experimental measurements and modeling results for PVP/methanol solutions under three 
different RH levels 
The modeling results are shown below: 
 
 
 
 
 
RH 
Q 
(ml/min) 
V 
(kV) 
I 
(nA) 
𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚  
(um) 
𝑑𝑆,𝑗𝑒𝑡  
(final) 
(um) 
Calculated 
𝐿𝑗𝑒𝑡 (m) 
Measured 
𝑑𝑓𝑖𝑏𝑒𝑟  
(nm) 
Calculated 
𝑑𝑓𝑖𝑏𝑒𝑟  
(nm) 
50% 0.05 13.4 105.9 25.4 7.5 9.54 571.3 632 
35% 0.05 13.1 109.6 24.8 7.5 8.53 895.9 944 
25% 0.05 13.1 117.9 21.8 7.6 8.04 1014 972 
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Figure 8.9 Jet diameters in the bending region for PVP/Methanol solutions under 3 different RH 
levels (red: 25% RH, green: 35% RH, blue: 50% RH). 
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Figure 8.10 modeling net stretching forces for PVP/methanol solutions under 25% RH (red), 35% 
RH (green) and 50% RH (blue). 
Electric force 
Viscous force 
Figure 8.11 Plot of viscous retarding and electric stretching forces for PVP/methanol solutions as a 
function of RH (red: 25% RH, green: 35% RH, blue: 50% RH). 
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Figure 8.12 (a) modeling net evaporation rates for PVP/methanol solutions under different 
RH conditions; (b) modeling water absorption rate and methanol evaporation rate for 
different RH conditions. (Red: 25% RH; green: 35% RH; blue: 50% RH) 
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8.3.2 Modeling results of PVP/1-butanol 
Table 8.3 Experimental measurements and modeling results for PVP/1-butanol solutions under three 
different RH levels 
The modeling results are shown below: 
 
 
 
 
 
 
RH 
Q 
(ml/min) 
V 
(kV) 
I 
(nA) 
𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚  
(um) 
𝑑𝑆,𝑗𝑒𝑡  
(final) 
(um) 
Calculated 
𝐿𝑗𝑒𝑡 (m) 
Measured 
𝑑𝑓𝑖𝑏𝑒𝑟  
(nm) 
Calculated 
𝑑𝑓𝑖𝑏𝑒𝑟  
(nm) 
50% 0.05 11.1 14.7 93.3 38.1 21.6 1190 1260 
35% 0.05 11 16.5 90.4 37.1 20.6 1810 1830 
25% 0.05 11 17.3 107 36 18.8 2830 3080 
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Figure 8.13 Jet diameters in the bending region for PVP/1-butanol solutions under 3 different RH 
levels (red: 25% RH, green: 35% RH, blue: 50% RH). 
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Figure 8.14 modeling net stretching forces for PVP/1-butanol solutions under 25% RH (red), 
35% RH (green) and 50% RH (blue). 
Electric force 
Viscous force 
Figure 8.15 Plot of viscous retarding and electric stretching forces for PVP/1-butanol solutions as a 
function of RH (red: 25% RH, green: 35% RH, blue: 50% RH). 
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Water 
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(a) 
Figure 8.16 (a) modeling net evaporation rates for PVP/1-butanol solutions under different RH 
conditions; (b) modeling water absorption rate and 1-butanol evaporation rate for different RH 
conditions. (Red: 25% RH; green: 35% RH; blue: 50% RH) 
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Chapter 9: Generalized fiber diameter correlation and analysis of dominant factors  
This chapter addresses issues related to developing a generalized understanding of 
how the electrospinning process physics functions in terms of the resulting fiber diameter 
as well as identifying key limits to model applicability. Specific topics include: (a) 
development of a generalized correlation between process conditions and fiber diameter, 
(b) analysis of the roles of the straight jet and bending regions in determining fiber 
diameter, (c) investigation of the factors that determine bending region forces and jet 
length, (d) developing an understanding of the coupling between net stretching force, 
mass transport, jet diameter and jet length, and (e) analysis of model limitations and 
assumptions.  
The motivation behind the development of a generalized fiber diameter correlation is 
two-fold: to assist in predicting the fiber diameter for different polymer/solvent systems, 
and to more generally understand the relation between operating conditions, solution 
properties, and the resulting fiber diameter in order to determine operating conditions. 
Analyzing the generalized correlation function, the role of the viscous/ electric force 
balance and evaporation in determining the fiber diameter is determined, which has not 
been explicitly explained by previous researchers. While there have been several 
measurement-property correlation relationships developed, this one is unique in that it 
explicitly accounts for the role of evaporation rate, jet length, and viscosity. 
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9.1 Generalized fiber diameter correlation 
The generalized fiber diameter correlation is developed by applying the momentum-
force balance (discussed in section 5.2) for the entire steady state bending region jet. 
Axial jet lumps (figure 5.3) are selected as control volumes for the entire jet lengths. (The 
set of 3 radial lumps are not considered, since they are only used for solving the radial 
diffusion in the mass balance equation (see chapter 7)). Applying a momentum balance to 
the control volumes (shown in figure 5.5), yields: 
∑ 𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑖𝑛
𝑖=1 = ∑ (?̇?𝑖𝑣𝑖 − ?̇?𝑖−1𝑣𝑖−1)
𝑛
𝑖=1     (9.1) 
where n is the number of axial sets of radial lumps in the bending region, which is given 
by the jet length divided by the lump length of ∆𝑠 =1mm; 𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑖  is the net stretching 
force acting on i-th lump; ∑ 𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑖𝑛
𝑖=1  is the total net stretching force acting on the 
whole bending jet; ?̇?𝑖 is the jet mass flow rate out the i-th lump;  ?̇?𝑖−1 is the jet mass 
flow rate into the i-th lump; 𝑣𝑖 is the jet flow velocity out the i-th lump; 𝑣𝑖−1 is the jet 
mass flow rate in the i-th lump.  
The right hand side of equation 9.1 represents the difference between the momentum 
fluxes in and out of all the lumps in the bending region. For neighboring lumps, all the 
intermediate terms cancel, and the right hand side of equation 9.1 can be expressed as: 
∑ (?̇?𝑖𝑣𝑖 − ?̇?𝑖−1𝑣𝑖−1)
𝑛
𝑖=1 = ?̇?𝑜𝑢𝑡𝑣𝑜𝑢𝑡 − ?̇?𝑖𝑛𝑣𝑖𝑛   (9.2) 
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where ?̇?𝑜𝑢𝑡 is the jet mass flow out the bending region, ?̇?𝑜𝑢𝑡 = 𝜌𝑝𝑜𝑙𝑦𝑚𝑒𝑟 ∙ 𝑄𝑖𝑛 ∙ 𝑐; 𝑄𝑖𝑛 is 
the total flow rate into the bending region; c is the polymer concentration; 𝑣𝑜𝑢𝑡 is the 
fiber flow velocity given by 𝑣𝑜𝑢𝑡 =
4𝑄𝑖𝑛∙𝑐
𝜋𝑑𝑓𝑖𝑏𝑒𝑟
2 . Thus the momentum fluxes out of the 
bending region can be expressed in terms of ?̇?𝑜𝑢𝑡𝑣𝑜𝑢𝑡 =
4𝜌𝑝𝑜𝑙𝑦𝑚𝑒𝑟∙𝑄𝑖𝑛
2 ∙𝑐2
𝜋𝑑𝑓𝑖𝑏𝑒𝑟
2 , where 𝜌𝑝𝑜𝑙𝑦𝑚𝑒𝑟 
is ~ 1,200 kg/𝑚3 for PEO and PVP used in the research. Similarly the momentum fluxes 
into the bending region can be expressed as: ?̇?in𝑣in =
4𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛∙𝑄𝑖𝑛
2
𝜋𝑑
𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙2
. Thus, for a 
PEO/water case (51%RH, 0.05ml/min, 30 kV), the momentum fluxes out the bending 
region (?̇?𝑜𝑢𝑡𝑣𝑜𝑢𝑡 = 5.2 × 10
−4  
𝑘𝑔
𝑚∙𝑠2
) is 59 times larger than the momentum fluxes into 
the bending region (?̇?𝑖𝑛𝑣𝑖𝑛 = 8.8 × 10
−6  
𝑘𝑔
𝑚∙𝑠2
).  Since the ?̇?𝑜𝑢𝑡𝑣𝑜𝑢𝑡 is ~ 50 times larger 
than ?̇?𝑖𝑛𝑣𝑖𝑛, the equation (9.2) can be reduced to equation (9.3). 
?̇?𝑜𝑢𝑡𝑣𝑜𝑢𝑡 − ?̇?𝑖𝑛𝑣𝑖𝑛  ~  ?̇?𝑖𝑛𝑣𝑖𝑛  =  
4𝜌𝑝𝑜𝑙𝑦𝑚𝑒𝑟∙𝑄𝑖𝑛
2 ∙𝑐2
𝜋𝑑𝑓𝑖𝑏𝑒𝑟
2    (9.3) 
which is a function of jet flow rate and final fiber diameter. Similarly, for PVP/alcohol 
(PVP/methanol with 50% RH, 0.03 ml/min and 11.8 kV), the momentum flux out of 
bending region ( ?̇?𝑜𝑢𝑡𝑣𝑜𝑢𝑡 = 4.3 × 10
−5  
𝑘𝑔
𝑚∙𝑠2
) is ~ 20 times greater than the input 
momentum flux (?̇?𝑖𝑛𝑣𝑖𝑛 = 2.2 × 10
−6  
𝑘𝑔
𝑚∙𝑠2
). 
Since ~90% the jet diameter decrease occurs in the transition and lower bending 
regions (figure 8.1 and 6.1) where the net stretching force decreases fairly uniformly, the 
total net stretching force acting on the bending jet (left hand side of equation (9.1)) can be 
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approximated as a function of net stretching force at the mid point (𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡
) and the jet 
length (𝐿𝐵𝑅) as: 
 ∑ 𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑖𝑛
𝑖=1   ~  𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡 ∙
𝐿𝐵𝑅
∆𝑠
   (9.4) 
Combining equations 9.1 – 9.4, yields: 
𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡 ∙
𝐿𝐵𝑅
∆𝑠
=
4𝜌𝑝𝑜𝑙𝑦𝑚𝑒𝑟∙𝑄𝑖𝑛
2 ∙𝑐2
𝜋𝑑𝑓𝑖𝑏𝑒𝑟
2      (9.5) 
A generalized fiber diameter correlation function can be achieved to solve for fiber 
diameter: 
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Figure 9.1 Generalized fiber diameter correlation based on net stretching force at mid-point, 
bending region jet length, flow rate and polymer concentration. The average error between the 
predicted fiber diameters and measured fiber diameters is less than 10% 
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𝑑𝑓𝑖𝑏𝑒𝑟   =    2 
𝜌𝑝𝑜𝑙𝑦𝑚𝑒𝑟∙∆𝑠
𝜋
∙
𝑄𝑖𝑛∙𝑐
 𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡
∙𝐿𝐵𝑅
     ~    
𝑄𝑖𝑛∙𝑐
 𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡
∙𝐿𝐵𝑅
   (9.6) 
To validate the use of the generalized fiber diameter correlation, Equation 9.6 is 
compared to the model analysis for the 72 different experiments reported in chapters 5 
and 7. Figure 9.1 shows that the fiber diameter (which varies by a factor of 15) is 
correlated in a linear fashion with for aqueous PEO and non-aqueous hydrophilic 
PVP/alcohol solutions over a broad range of operating conditions (flow rate varies by a 
factor of 2.3, voltage varies from lower bound to upper bound, and RH varies by a factor 
of 2) and solution properties (shear viscosity varies by a factor of 38, conductivity varies 
by a factor of 150, solvent evaporation rate varies by a factor of 11.3, and water 
absorption rate varies by a factor of 17.9). The average error between the predicted fiber 
diameters and measured fiber diameters is less than 10%. This correlation is unique in 
that it incorporates both the net force (which is dependent on both the electric and viscous 
forces) as well as the evaporation rate (since it determines the jet length). In addition, the 
correlation also provides a single relation for both PEO and PVP solutions, in contrast to 
empirical process-fiber diameter correlations shown in figure 4.6 and figure 4.9. 
While the error for this correlation is larger than the average error between the 
modeled fiber diameters and measured fiber diameters for PEO/water (6% see figure 5.6) 
and PVP/alcohol solutions (8% see figure 7.9), this correlation error is due primarily to 
the use of the approximation of taking the net stretching force at mid-point of the jet 
length in order to estimate the total stretching force acting on the entire bending jet. 
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Figure 9.2 plots the total stretching force acting on bending region jet in comparison to 
the approximation,  𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡 ∙
𝐿𝐵𝑅
∆𝑠
, showing an ~8% difference between ∑ 𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑖𝑛
𝑖=1  
and the 𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡 ∙
𝐿𝐵𝑅
∆𝑠
. This difference is due in part from the ~10% jet stretching in the 
upper bending region that is not considered.  
A more detailed comparison for the different solutions are given in figure 9.4, which 
shows the difference between ∑ 𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑖𝑛
𝑖=1  and the 𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡 ∙
𝐿𝐵𝑅
∆𝑠
 for PEO/water, 
PVP/methanol, PVP/ethanol, and PVP/1-butanol are less than 9%, 7%, 6%, and 5% 
respectively.  
Overall, the product of net stretching force at mid-point (𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡
) and total jet 
length in the bending region (𝐿𝐵𝑅) does capture the right trends and provides a reasonable 
estimate for the total stretching force in the bending region. Future work can be directed 
at reducing this error. 
The generalized fiber diameter correlation (equation 9.5) indicates that the decrease 
in fiber diameter in the bending region is determined by the net stretching force, jet 
length, and flow rate. This is different than the dominant factors determining the straight 
jet region shape, where the jet diameter decreases only due to jet stretching from the 
electric and extensional viscous forces and is not a function of the evaporation rate. The 
significant difference in behavior for the straight jet and bending regions is shown in 
figure 9.3, which shows that the straight jet region has a rapid decrease in jet diameter, 
while in the bending region, there is a gradual decrease throughout the bending region. In  
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the bending region, the jet diameter decreases gradually due to the coupling between 
evaporation and jet stretching since evaporation is a large portion of the jet thinning 
(~70%), although the net stretching force decreases dramatically in the upper part of the 
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Figure 9.3 Normalized jet behavior in straight jet and bending regions for PEO/water (0.05 
ml/min, 28 kV, 36% RH) 
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Figure 9.2 Comparison between total net stretching force acting on the bending region 
(∑ 𝑭𝒏𝒆𝒕,𝒍𝒖𝒎𝒑
𝒊𝒏
𝒊=𝟏 ) and the product of net stretching force at mid-point (𝑭𝒏𝒆𝒕,𝒍𝒖𝒎𝒑
𝒎𝒊𝒅𝒑𝒐𝒊𝒏𝒕
) and bending jet 
length (𝑳𝑩𝑹) for PVP/1-butanol (blue), PVP/ethanol (green), PVP/methanol (red) and PEO/water 
(black). The average difference is ~8% 
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bending region (figure 6.3 and 8.1). Thus, to understand what determines the final jet 
diameter in the bending region, it is important to understand what contributes to net 
stretching force and jet length. 
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9.2 Role of straight jet and bending region regions in determining fiber diameter 
In this section, the specific roles of the bending and straight jet regions in 
determining fiber diameter are determined in terms of the degree of stretching and 
evaporation, based on an analysis of experimentally measured straight jet diameters and 
fiber diameters (figure 4.2). It is found that both the straight jet and bending regions are 
important in determining the fiber diameter.  
The data for this comparison is give in table 9.1 in terms of the measured jet 
diameter at the end of Taylor cone (𝑑𝑆,𝑗𝑒𝑡 (end of Taylor cone)), jet diameter at the end 
of straight jet region (𝑑𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙
), and final fiber diameters (𝑑𝑓𝑖𝑏𝑒𝑟) for all polymer/ solvent 
systems. The degree of jet diameter change in the straight jet and bending regions is 
identified by: 
 
% 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑗𝑒𝑡 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑖𝑛 𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 𝑗𝑒𝑡 𝑟𝑒𝑔𝑖𝑜𝑛 =
𝑑𝑆,𝑗𝑒𝑡 (end of Taylor cone) −𝑑𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙
𝑑𝑆,𝑗𝑒𝑡 (end of Taylor cone)
 (9.7)  
% 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑗𝑒𝑡 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑖𝑛 𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑟𝑒𝑔𝑖𝑜𝑛 =  
𝑑𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙
−𝑑𝑓𝑖𝑏𝑒𝑟
𝑑𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙  (9.8) 
 
The jet diameter change in straight jet region varies between 82% to 97.3%, which is 
similar to the change in jet diameter in the bending region (92% to 95.1%). This suggests 
that both the straight jet and bending regions contribute 50% jet thinning.  
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The jet diameter thinning in the straight jet region is primarily due to net stretching 
force with minimal evaporation (see chapter 4). Although, the net stretching force in the 
straight jet region (?̂?𝑛𝑒𝑡,𝑠𝑡𝑟𝑖𝑔ℎ𝑡 𝑗𝑒𝑡) is difficult to directly calculate due to the complex 
local electric field [24], the momentum-force equation (9.1) suggests that the net 
stretching force can be approximated by the momentum change in the straight jet region.  
?̂?𝑛𝑒𝑡,𝑠𝑡𝑟𝑖𝑔ℎ𝑡 𝑗𝑒𝑡 = ?̇?𝑣|𝑒𝑛𝑑 𝑜𝑓 𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 𝑗𝑒𝑡 − ?̇?𝑣|𝑒𝑛𝑑 𝑜𝑓 𝑇𝑎𝑦𝑙𝑜𝑟 𝑐𝑜𝑛𝑒  (9.9) 
where ?̇?𝑣|𝑒𝑛𝑑 𝑜𝑓 𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 𝑗𝑒𝑡  is the momentum at the end of straight jet region, 
?̇?𝑣|𝑒𝑛𝑑 𝑜𝑓 𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 𝑗𝑒𝑡 =
4𝜌𝑠𝑜𝑙𝑡𝑢𝑖𝑜𝑛∙𝑄
2
𝜋𝑑
𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙2
; ?̇?𝑣|𝑒𝑛𝑑 𝑜𝑓 𝑇𝑎𝑦𝑙𝑜𝑟 𝑐𝑜𝑛𝑒 is the momentum at the end of 
Taylor cone, ?̇?𝑣|𝑒𝑛𝑑 𝑜𝑓 𝑇𝑎𝑦𝑙𝑜𝑟 𝑐𝑜𝑛𝑒 =
4𝜌𝑠𝑜𝑙𝑡𝑢𝑖𝑜𝑛∙𝑄
2
𝜋𝑑𝑆,𝑗𝑒𝑡
2  (end of Taylor cone)
. The calculated momentums 
and net stretching forces in the straight jet and bending regions for all polymer/ solvent 
systems are given in table 9.1. The momentum fluxes out the straight jet and bending 
regions are much larger (10 times) than momentum fluxes in the straight jet and bending 
regions respectively, which show that the jet stretching is important in both regions. This 
analysis reveals that the ratio of 
?̂?𝑛𝑒𝑡,𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑟𝑒𝑔𝑖𝑜𝑛
?̂?𝑛𝑒𝑡,𝑠𝑡𝑟𝑖𝑔ℎ𝑡 𝑗𝑒𝑡
 is ~10, even though the net stretching 
force is very small in the bending region. This is due to the long length in the bending 
region, and that 
𝐿𝐵𝑅
𝐿𝑆𝐽𝑅
~100.    
The bending region contribution to jet diameter decrease includes both evaporation 
and jet stretching. The contribution of stretching for jet thinning (see figure 4.2) in the 
bending region can be identified by the difference between the jet diameter with solvent 
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removed at the end of straight jet region (𝑑𝑆,𝑗𝑒𝑡
𝑑𝑟𝑦 (𝑓𝑖𝑛𝑎𝑙)) and the final fiber diameter 
(𝑑𝑓𝑖𝑏𝑒𝑟). The contribution of evaporation for jet thinning in the bending region (see figure 
4.2) is determined by the difference between the jet diameter at the end of straight jet 
region and the jet diameter with solvent removed at the  end of straight jet region. 
%𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑑𝑢𝑒 𝑡𝑜 𝑠𝑡𝑟𝑒𝑡𝑐ℎ𝑖𝑛𝑔 =  
𝑑𝑆,𝑗𝑒𝑡
𝑑𝑟𝑦
(𝑓𝑖𝑛𝑎𝑙)−𝑑𝑓𝑖𝑏𝑒𝑟
𝑑
𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙
−𝑑𝑓𝑖𝑏𝑒𝑟
   (9.10) 
% 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑑𝑢𝑒 𝑡𝑜 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 =  
𝑑𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙
−𝑑𝑆,𝑗𝑒𝑡
𝑑𝑟𝑦
(𝑓𝑖𝑛𝑎𝑙)
𝑑
𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙
−𝑑𝑓𝑖𝑏𝑒𝑟
  (9.11) 
Table 9.1 shows that ~ 30% jet thinning comes from the jet stretching and ~ 70% jet 
thinning results from the evaporation in the bending region for all polymer/ solvent 
systems. Due to the large impact of evaporation, the jet behavior in the bending region is 
different from the jet behavior in the straight jet region (figure 9.3). 
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Table 9.1 Summary of characterizations to determine role of jet stretching and evaporation in the 
straight jet and bending regions (PEO/water and PVP/alcohol solutions at 0.05 ml/min and 50% RH) 
 
*  𝑑𝑆,𝑗𝑒𝑡 (𝑒𝑛𝑑 𝑜𝑓 𝑇𝑎𝑦𝑙𝑜𝑟 𝑐𝑜𝑛𝑒) is selected as 200 μm based on the measured jet 
diameters at the end of Taylor cone for PEO/water and PVP/alcohol solutions (see 
appendix. A) 
  
 PEO/ 
water 
PVP/ 
methanol 
PVP/ 
ethanol 
PVP/ 
1-butanol 
𝑑𝑆,𝑗𝑒𝑡 (end of Taylor cone) (𝜇𝑚) 200 200 200 200 
𝑑𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙 (𝜇𝑚) 10.8 9.5 10.5 36 
𝑑𝑆,𝑗𝑒𝑡
𝑑𝑟𝑦 (𝑓𝑖𝑛𝑎𝑙) (𝜇𝑚) 2.85 3.3 3.63 12.4 
𝑑𝑓𝑖𝑏𝑒𝑟  (𝜇𝑚) 0.524 0.689 0.846 2.63 
Straight jet length (𝐿𝑆𝐽𝑅) (m) 0.1 0.08 0.05 0.2 
Bending region jet length (𝐿𝐵𝑅) (m) 40 8 4 20 
?̇?𝑣|𝑒𝑛𝑑 𝑜𝑓 𝑇𝑎𝑦𝑙𝑜𝑟 𝑐𝑜𝑛𝑒 (
𝑘𝑔∙𝑚
𝑠2
) 2.65
× 10−8 
2.65
× 10−8 
2.65
× 10−8 
2.65
× 10−8 
?̇?𝑣|𝑒𝑛𝑑 𝑜𝑓 𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 𝑗𝑒𝑡 (
𝑘𝑔∙𝑚
𝑠2
) 9.09
× 10−6 
1.18
× 10−5 
9.62
× 10−6 
8.19
× 10−7 
?̇?𝑣|𝑒𝑛𝑑 𝑜𝑓 𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑟𝑒𝑔𝑖𝑜𝑛 (
𝑘𝑔∙𝑚
𝑠2
) 1.01
× 10−4 
1.3
× 10−4 
8.13
× 10−5 
1.2 × 10−5 
%𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑗𝑒𝑡 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 
𝑖𝑛 𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 𝑗𝑒𝑡 𝑟𝑒𝑔𝑖𝑜𝑛 
94.6% 97.3% 94.8% 82% 
%𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑗𝑒𝑡 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 
𝑖𝑛 𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑟𝑒𝑔𝑖𝑜𝑛 
95.1% 92.7% 92% 92% 
%𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑑𝑢𝑒 𝑡𝑜  
𝑠𝑡𝑟𝑒𝑡𝑐ℎ𝑖𝑛𝑔 
22.6% 29.6% 28.8% 29.3% 
% 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑑𝑢𝑒 𝑡𝑜  
𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 
77.4% 70.4% 71.2% 70.7% 
?̂?𝑛𝑒𝑡,𝑠𝑡𝑟𝑖𝑔ℎ𝑡 𝑗𝑒𝑡 9.07
× 10−6 
1.17
× 10−5 
9.6
× 10−6 
7.92
× 10−7 
?̂?𝑛𝑒𝑡,𝑠𝑡𝑟𝑖𝑔ℎ𝑡 𝑗𝑒𝑡 9.19
× 10−5 
1.18
× 10−4 
7.17
× 10−5 
1.12
× 10−5 
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9.3 Dominant factors determining jet length and net stretching force 
The jet length and net stretching force are elements of the fiber diameter generalized 
correlation function. This raises the question of what are the dominant factors that 
determines the jet length and net stretching force? These relations are also useful for 
determining what functional forms can be developed for correlations based on property 
values and operating conditions. 
 
 
 
 
 
 
 
 
 
The jet length is important in forms of the total net stretching force, and can be 
calculated from the ratio of solvent flow rate to the average net evaporation rate 
(
𝝆𝒔𝒐𝒍𝒗𝒆𝒏𝒕∙𝑸(𝟏−𝐜)
?̇?𝒏𝒆𝒕_𝒆𝒗𝒂𝒑
𝒔𝒐𝒍𝒗𝒆𝒏𝒕 ). Figure 9.5 shows the calculated jet length as a function of the normalized 
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Figure 9.5 Plot of the calculated jet length as a function of normalized  
𝝆𝒔𝒐𝒍𝒗𝒆𝒏𝒕∙𝑸(𝟏−𝐜)
?̇?𝒏𝒆𝒕_𝒆𝒗𝒂𝒑
𝒔𝒐𝒍𝒗𝒆𝒏𝒕  for PVP/1-
butanol (blue), PVP/ethanol (green), PVP/methanol (red) and PEO/water (black). 
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𝝆𝒔𝒐𝒍𝒗𝒆𝒏𝒕∙𝑸(𝟏−𝐜)
?̇?𝒏𝒆𝒕_𝒆𝒗𝒂𝒑
𝒔𝒐𝒍𝒗𝒆𝒏𝒕  (where ?̇?𝑛𝑒𝑡_𝑒𝑣𝑎𝑝
𝑠𝑜𝑙𝑣𝑒𝑛𝑡  is taken from the calculated net evaporation rate at the 
mid-point). The mid-point evaporation rate is used since the net evaporation rate 
decreases fairly linearly throughout the bending region as shown in figures 8.3, 8.12, and 
8.16 for PVP/alcohol solutions. Figure 9.5 indicates that jet length is well represented by 
solution average net evaporation rate and process input flow rate. PEO/water has the 
longest jet length due to its smallest net evaporation rate (figure 9.5), followed by PVP/1-
butanol, and the PVP/methanol. 
The total electric force is the sum of electric field force (
𝐸∞𝐼 sinα
𝑄
) and charge-to-
charge force (−
3𝐼2𝑅
4𝜖Q2
𝑑𝑅
𝑑𝑠
+
𝐼2𝑅2
4𝜖𝑄3
𝑑𝑄
𝑑𝑠
) (see equation 5.13), which are largest stretching forces 
for the electrospinning processes studied. Both electric field and charge-to-charge forces 
are important in the bending region (i.e. the charge-to-charge and electric field forces for 
PVP/methanol are shown in figure 9.6), and are functions of charge density (
𝐼
𝑄
). However, 
the charge density cannot explain the total electric force, since it is also affected by other 
factors. Figure 9.7 shows plots of total electric force as a function of normalized charge 
density (
𝐼
𝑄
) for PEO/water and PVP/alcohol solutions. The total electric forces at the 
upper bounds are larger than those at the lower bounds, since the electric field (𝐸∞) also 
significantly affects the total electric force.  
What are the determinant factors for charge density? Figure 9.8 shows the charge 
density as a function of voltage under different RH conditions, which reveals that the 
conductivity and voltage cannot explain the charge density by themselves, since charge 
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density is also significantly affected by RH. Greater RH results in a decrease in charge 
density (and current), but we have not developed an explanation.  
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Figure 9.6 Charge-to-charge force (blue) and electric field force (red) as a function of jet length 
for PVP/methanol solutions (upper bound of 0.05ml/min under 35% RH) 
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Figure 9.7 Plots of total electric force as a function of charge density for (a) PEO/water, (b) 
PVP/methanol, (c) PVP/ethanol, and (d) PVP/1-butanol 
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Extensional viscous force (see term 2. Fvis in equation 5.13) is the significant 
retarding force in the electrospinning process in determining the net stretching force. The 
dominant term is −
6𝜂∗
𝜋𝑅3
𝑑𝑅
𝑑𝑠
𝑑𝑄
𝑑𝑠
 as shown in figure 9.9. The extensional viscous force is 
determined by 𝜂∗ (which is related to shear viscosity and the estimated Trouton ration by 
𝜂∗ = 𝜂0 × 𝑇?̂?) and 
𝑑𝑄
𝑑𝑠
 (which is determined by net evaporation rate, equation 5.7). Figure 
9.10 plot the extensional viscous force as a function of normalized extensional viscosity 
and net evaporation rate (the extensional viscosity and net evaporation rate is normalized 
by the extensional viscosity and net evaporation rate of PEO/water under 30% RH, which 
has the largest extensional viscous force). PEO/water has a much larger (100 times) 
extensional viscous force than PVP/alcohol solutions, since the PEO/water has a much 
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Figure 9.9 Extensional viscous force terms (equation 5.13): −
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 (black) as a function of jet length for PVP/methanol solutions (upper 
bound of 0.05ml/min under 35% RH) 
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larger extensional viscosity than PVP/alcohol solutions as shown in figure 9.12 (a). 
Although PVP/1-butanol has a much larger extensional viscosity (~100 times) than 
PVP/ethanol and PVP/methanol, the extensional viscous force for PVP/1-butanol is ~10 
times larger than that for PVP/methanol and PVP/ethanol, since the PVP/methanol and 
PVP/ethanol have a much larger net evaporation rate (~ 10 times) than that of PVP/1- 
 
 
 
 
 
 
 
 
 
 
butanol. For each polymer/solvent system, as RH increases, the extensional viscous force 
decreases due to the decrease in net evaporation rate. The variation in the correlation of 
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Figure 9.10 Plot of extensional viscous force to normalized extensional viscosity and net 
evaporation rate for different RH conditions for (a) PEO/water, (b) PVP/methanol, (c) 
PVP/ethanol, and (d) PVP/1-butanol 
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extensional viscous force to extensional viscosity and net evaporation rate primarily 
results from the variation in jet geometry in terms of jet radius (R) and jet thinning rate 
(
𝑑𝑅
𝑑𝑠
). 
 
9.4 Relation of net stretching force and jet length to solution properties 
The generalized fiber diameter correlation (figure 9.1) suggests that since the net 
stretching force and jet length are determined in large part by solution properties in terms 
of conductivity, extensional viscosity, and solvent evaporation rate, solution properties 
have a large impact on the resulting fiber diameter. The normalized solution properties in 
terms of extensional viscosity, conductivity, solvent evaporation rate, and water 
absorption rate, are given in table 9.2, and visualized in figure 9.11(a) and 9.12(a). 
However, consideration of the generalized correlation function suggests that the more 
significant factors are the dominant force terms and jet length. The values for forces and 
bending region jet lengths are given in table 9.2 and visualized in figure 9.11(b) and 
9.12(b), where the forces are calculated at mid-point and considering jet length based on 
net evaporation rate for PEO/water and PVP/alcohol solutions (50% RH and 0.05 ml/min 
flow rate).  
Figure 9.11 focuses on PVP/alcohol solutions. Since the bending region jet length is 
determined by net evaporation rate (figure 9.5), PVP/1-butanol has a longer jet length 
(4.8 times) than PVP/ethanol due to its smaller net evaporation rate (7 times). 
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Comparison of the solution properties (figure 9.11 (a)) to the forces (9.11 (b)) indicates 
that solution properties are not sufficient to determine forces. Extensional viscous force is 
determined in part by extensional viscosity and net evaporation rate (figure 9.10). 
Although PVP/1-butanol has a much larger extensional viscosity (64.1 times) than 
PVP/methanol, the extensional viscous force of PVP/1-butanol is only (10.6 times) larger 
than that of PVP/methanol, since the net evaporation rate of PVP/1-butanol is (7 times) 
smaller than that of PVP/methanol. In addition, although a larger conductivity leads to a 
larger current, the conductivity is not sufficient to determine electric force, which is 
determined in part by charge density and electric field (figure 9.7). PVP/1-butanol has a 
smaller (15 times) smaller conductivity than PVP/methanol, which results in a smaller (4 
times) electric force. For PVP/alcohol solutions, since PVP/alcohol has the smallest 
electric force and the largest electric force, it has the smallest net stretching force.  
It is also noticed that the extensional viscous forces of PVP/methanol and 
PVP/ethanol are much smaller (~10 times) than the electric forces for them due to their 
relatively large conductivity and small extensional viscosity. Thus for PVP/methanol and 
PVP/ethanol, the extensional viscous force is not important. However, the extensional 
viscous force and electric force of PVP/1-butanol are at the same order of magnitude. 
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Table 9.2 Normalized solution properties and calculated process parameters, bending region jet 
length and forces for PEO/water and PVP/alcohol solutions under 0.05 ml/min flow rate. 
 
Figure 9.12 focuses on the difference between PEO/water and PVP/alcohol solutions. 
Figure 9.12 (a) indicates that PEO/water has a larger solvent evaporation rate, extensional 
viscosity and conductivity than PVP/alcohol solutions. And there is no water absorption 
for PEO/water. Thus the PEO/water has a larger jet length, extensional viscous force, and 
electric force than PVP/alcohol solutions as shown in figure 9.12 (b). The net stretching 
force for PEO/water is also larger than that for PVP/alcohol solutions due to its relatively 
RH Parameters PEO/ 
water 
PVP/ 
methanol 
PVP/ 
ethanol 
PVP/ 
1-butanol 
 Normalized extensional 
viscosity (Pa.s) 
1 0.00053 0.00071 0.034 
Normalized 
conductivity (K) 
1 0.086 0.043 0.0057 
50
% 
Normalized solvent 
evaporation rate 
0.068 0.49 1 0.15 
Normalized water 
absorption rate 
0 0.0086 0.017 0.0034 
Normalized net 
evaporation rate 
0.068 0.48 0.98 0.14 
Jet length (m) 54 9.9 4.97 23.7 
Voltage (kV) 22.5 13.4 11.6 11.8 
Current (nA) 922 106 70.9 15.5 
Extensional viscous 
force per lump at mid 
point (N) 
7.4E-10 2.2E-12 6.77E-12 2.33E-11 
Electric force per lump 
at mid point (N) 
9.8E-10 1.07E-10 7.7E-11 3.3E-11 
Net stretching force per 
lump at mid point (N) 
2.6E-10 1.06E-10 7.08E-11 9.2E-12 
Fiber diameter (nm) 271 732 893 1260 
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large electric force. In addition, the extensional viscous force and electric force of 
PEO/water are at the same order of magnitude. 
Overall, PEO/water has the smallest fiber diameter due to its relatively large jet 
length and net stretching force. Compared to PVP/alcohol that has the largest fiber 
diameter, PEO/water has a longer bending region jet length (2.3 times) than PVP/1-
butanol due to its smaller net evaporation rate (2 times). And PEO/water has a larger net 
stretching force (28 times) than PVP/1-butanol since PEO/water has a larger electric 
force (30 times), although PEO/water also has a larger (32 times) extensional viscous 
force. 
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Figure 9.11 (a) Comparison of extensional viscosity, conductivity, solvent evaporation rate and 
water absorption rate for PVP/alcohol solutions (the water absorption rate is 10 times larger than 
actual value to visualize); (b) Comparison of jet length, net stretching force, electric force and 
extensional viscous force for PVP/alcohol solutions. 
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Figure 9.12 (a) Comparison of extensional viscosity, conductivity, solvent evaporation rate and water 
absorption rate for PEO/water and PVP/alcohol solutions (the water absorption rate is 10 times 
larger than actual value to visualize); (b) Comparison of jet length, net stretching force, electric 
force and extensional viscous force for PEO/water and PVP/alcohol solutions 
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9.5 Impact of RH on jet length and net stretching force in determining fiber 
diameter 
The generalized fiber diameter correlation (equation (9.6)) indicates that fiber 
diameter is determined by the average net stretching force and jet length. This raises the 
question of how RH affects the jet length and net stretching force? Furthermore, how 
does the RH impact vary for different polymer/solvent solutions and properties? To 
answer these questions, the effect of RH on the process physics and fiber diameter are 
reviewed in table. 9.3 and visualized in figure 9.13, in terms of the forces, jet length, and 
fiber diameters for PEO/water and PVP/alcohol solutions under two different RH 
conditions (35% and 50%). In general, as RH increases, the final fiber diameter decreases, 
since both jet length and net stretching force increase. The increase of net stretching force 
results in the greater decrease in extensional viscous retarding force than the decrease in 
electric stretching force. 
Figure 9.13(a) reveals that the decrease in fiber diameter results from the increase in 
net stretching force and bending region jet length for PEO/water and PVP/1-butanol as 
RH increases. However, for PVP/methanol and PVP/ethanol, the decrease in fiber 
diameter primarily results from the increase in bending region jet length. As RH increases 
from 35% to 50%, the fiber diameter decreases significantly (23% for PEO/water, 18% 
for PVP/methanol, 12% for PVP/ethanol and 31% for PVP/1-butanol) and bending region 
jet length increases significantly for all polymer/ solvent systems (28% for PEO/water,  
17% for PVP/methanol, 11% for PVP/ethanol and 10% for PVP/1-butanol as shown in 
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figure 9.13 (a)). The net stretching force increases significantly for PVP/1-butanol (30%) 
and PEO/water (33%). However, the net stretching force increases a modest value for 
PVP/methanol (1%) and PVP/ethanol (3%). 
 
Table 9.3 The calculated jet length, forces and fiber diameters for PEO/water and PVP/alcohol 
solutions at 0.05 ml/min flow rates under 35% and 50% RH 
RH 
 PEO/water PVP/methanol PVP/ethanol 
PVP/1-
butanol 
35% Jet length (m) 46.5 8.3 4.5 20.6 
Extensional viscous 
force per lump at 
mid point (N) 
1.1E-9 2.98E-12 9E-12 2.80E-11 
Electric force per 
lump at mid point 
(N) 
1.3E-9 1.09E-10 7.9E-11 3.5E-11 
Net stretching force 
per lump at mid 
point (N) 
1.6E-10 1.05E-10 6.9E-11 7.1E-12 
Fiber diameter 
(nm) 
235 895 1020 1830 
50% Jet length (m) 54 9.9 4.97 22.4 
Extensional viscous 
force per lump at 
mid point (N) 
7.5E-10 2.2E-12 6.77E-12 2.33E-11 
Electric force per 
lump at mid point 
(N) 
9.7E-10 1.07E-10 7.7E-11 3.3E-11 
Net stretching force 
per lump at mid 
point (N) 
2.2E-10 1.06E-10 7.08E-11 9.2E-12 
Fiber diameter 
(nm) 
180 732 893 1260 
 
Why does RH have a small impact on the net stretching force for PVP/methanol and 
PVP/ethanol? Since the net stretching force is primarily determined by electric force for 
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PVP/methanol and PVP/ethanol (figure 9.11(b)), the small impact of RH on net 
stretching force for PVP/methanol and PVP/ethanol results from the small impact of RH 
on the electric force. Figure 9.13(b) reveal that the electric force only decreases a small 
value for PVP/methanol (2%) and PVP/ethanol (3%). Thus although the extensional 
viscous force decreases significantly for PVP/methanol (26%) and PVP/ethanol (25%), 
the net stretching force only increases a modest value for PVP/methanol and PVP/ethanol. 
Since the electric force and extensional viscous force are at the same order of magnitude 
for PVP/1-butanol and PEO/water, the significantly decrease in extensional viscous force 
for PVP/1-butanol (17%) and PEO/water (73%) results in a significantly increase in net 
stretching force for PVP/1-butanol and PEO/water.  
In summary, when the extensional viscous retarding force is relatively small (
𝐹𝑣𝑖𝑠
𝐹𝑒
≪
1) (e.g. PVP/methanol and PVP/ethanol), the net stretching force is primarily determined 
by the electric stretching force. The increase of fiber diameter as RH increases is due 
primarily to the increase in jet length due to the decrease in solvent evaporation. In 
contrast, for other cases (e.g. PVP/1-butanol and PEO/water), the extensional viscous 
retarding force is on the same order of magnitude as the electric stretching force (
𝐹𝑣𝑖𝑠
𝐹𝑒
~1), 
and thus the net stretching force is determined by both the electric stretching and 
extensional viscous retarding forces. In these cases, the decrease of fiber diameter as RH 
increases results from the increase in both jet length and net stretching force since the 
decrease in net evaporation rate increases the jet length and net stretching force. Thus, the 
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actual mechanism is dependent on the specific property values of the polymer/ solvent 
systems.  
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Figure 9.13 (a) change of fiber diameter, jet length and net stretching force and (b) change of net 
stretching force, electric force and extensional viscous force as RH increases from 35% to 50% for 
PEO/water and PVP/alcohol 
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9.6 Comparison to other process-fiber diameter correlations 
This section compares the new correlation function (𝑑𝑓𝑖𝑏𝑒𝑟~
𝑄𝑖𝑛∙𝑐
 𝐹𝑛𝑒𝑡,𝑙𝑢𝑚𝑝
𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡
∙𝐿𝐵𝑅
) to other 
previous process-fiber diameter correlations. Compared to previous correlations, equation 
(9.5) provides a more generalized relation, since it explicitly accounts for the role of 
evaporation/jet length, and viscosity.  
Fridrikh et al. [27] analyzed Hohman’s equations for the bending region jet to obtain 
an asymptotic solution that relates the final fiber diameter to operating conditions (see 
chapter 2 ). The scaling law (equation 2.5) indicates that the fiber diameter is determined 
by charge density (
𝐼
𝑄
) and surface tension (𝛾). 
𝑑𝑓𝑖𝑏𝑒𝑟    =    2(𝛾𝜀̅
𝑄2
𝐼2
2
𝜋(2𝑙𝑛𝑋−3)
)
1
3   ~   𝛾 ∙ (
𝐼
𝑄
)−
2
3   (9.11) 
This relation does not include the effect of solvent evaporation rate on jet stretching 
forces and jet length. No viscous term is included in this fiber diameter scaling law, since 
they argued that at the terminal state of electrospinning process, the viscous force is not a 
determinant for fiber diameter. Figure 9.14 shows the fiber diameter as a function of 
charge density under different RH and flow rates for PEO/water. This plot reveals the 
significant impact of RH on charge density (or current) and fiber diameter. In addition, 
the charge density does not provide a universal fiber diameter correlation and the slopes 
of local fiber diameter correlations vary with operating conditions (e.g. flow rate).  
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Yan [36] developed an empirical fiber diameter correlation for PEO/water based on 
upper straight jet diameter given by 𝑑𝑓𝑖𝑏𝑒𝑟~𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚(1 − 𝑅𝐻)4, as shown in figure 9.15. 
Comparison of the fiber diameter correlation based on charge density (figure 9.14) and 
the upper straight jet diameter reveals that upper straight jet diameter provides better 
local correlations to fiber diameter, probably due to the fact that the upper straight jet 
diameter captures the balance between electric force and extensional viscous force. 
 
Figure 9.14 plot of fiber diameter as a function of charge density for different RH conditions 
for PEO/water. 
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Based on the empirical fiber diameter correlations for PEO/water solutions, Cai [10-
12] experimentally found empirical fiber diameter correlations for PVP/alcohol solutions 
based on upper straight jet diameter, solvent evaporation rate and RH given by 
𝑑𝑓𝑖𝑏𝑒𝑟~𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚 ∙ ?̇?𝑒𝑣𝑎𝑝
0.3 ∙ (1 − 𝑅𝐻)2 as shown in figure 4.9. It also raises a question of why 
is the power of RH different for PEO/water and PVP/alcohol? The new general fiber 
diameter correlation (equation 9.6) suggests that RH affects the net evaporation rate, 
which affects both the jet length and net stretching force. And the degree of the effect of 
RH on jet length and net stretching force is different for PEO/water and PVP/alcohol 
solutions (figure 9.13 (a)).  
The empirical process-fiber diameter correlations for PEO/water and PVP/alcohol 
solutions also raise a question of why does 𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚 work well to correlate fiber diameters? 
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Figure 9.15 PEO/water fiber diameters are plot as a function of straight jet diameters at 3mm 
and RH (Red ◆: 30% RH; Green ◆ : 40% RH; Blue ◆ : 51% RH). 
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We have no explicit answer for this question yet. It is believed that 𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚 captures the 
balance between electric and viscous forces in the straight jet region. The difference 
between the force balances in straight jet and bending regions and the relation between 
𝑑𝑆,𝑗𝑒𝑡
3𝑚𝑚 and the net stretching force in the bending region have not been studied yet.  
Helegeson [34] presented a fiber diameter correlation for PEO aqueous solutions 
based on a dimensionless electrostatic stress (Π1 , the ratio of the electrostatic and 
electroviscous stresses,Π1 =
2?̅?2𝑉2
𝐾𝜂0𝐿2
), and a dimensionless surface stress (Oh, the ratio of 
the viscous stresses and surface tension, Oh =
2𝜂0
(𝜌𝛾𝑑𝑓𝑖𝑏𝑒𝑟)
1/2) (see chapter 2). By using the 
experimental results for PEO/water solutions, an empirical trend is determined as Π1 ∙
Oh = 2.5 ± 0.2 × 10−8 . Then the fiber diameter can be expressed as a function of 
voltage (V), conductivity (K) and surface tension. However, examining the fiber diameter 
relation (equation 9.3), it is seen that the role of extensional viscous force and solvent 
evaporation/ RH on jet length and fiber diameter are not included. 
𝑑𝑓𝑖𝑏𝑒𝑟~
1
𝛾
(
𝑉
𝐾
)
2
     (9.13) 
Wang et al. [31] used two polystyrene (PS) in different solvents (such as DMF and 
THF) to investigate the influence of process parameters on straight jet diameter (𝑑𝑆,𝑗𝑒𝑡) 
measured at the end of straight jet region and fiber diameter (𝑑𝑓𝑖𝑏𝑒𝑟). A master curve 
between straight jet diameter and fiber diameter was found, expressed by 
𝑑𝑓𝑖𝑏𝑒𝑟~𝜂0
0.38𝐾0.12 ∙ 𝑑𝑆,𝑗𝑒𝑡
0.45    (9.14) 
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Solution viscosity is stated to be the most important factor for determining the fiber 
diameter. In comparison to the analysis presented in section 9.4, extensional viscosity 
should be utilized in the electrospinning process, instead of the shear viscosity (which is 
1–3 magnitudes smaller and varies for different polymer solutions), if different 
polymer/solvent systems are to be compared. They also did not consider the effect of 
evaporation and RH on process physics and the resulting fiber diameter. 
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9.7 Analysis of process coupling 
It is known that the fiber diameter is determined by both the mass and force balances 
in the bending region. But what is the nature of the coupling between evaporation, forces 
and geometry? The questions discussed in this section include a) how is the different jet 
behavior observed in the straight jet and bending regions related to how the mass and 
force balances are coupled? b) how do the evaporation, force, and geometry affect each 
other? and c) how can the nature of the coupling be evaluated? The developed model 
provides a basis to answer these questions. The process conditions (e.g. voltage, flow rate 
and RH) and solution properties affect the balances between those coupling relations, but 
do not change the general nature of those coupling relations. 
The relations between mass balance/net evaporation rate, force balance, forces, and 
jet geometry is depicted in figure 9.16. In general, the evaporation (mass balance) and 
stretching (momentum balance) determine jet geometry in terms of jet radius (r), jet 
thinning rate (
𝑑𝑟
𝑑𝑠
) and bending region jet length (𝐿𝐵𝑅). The jet geometry also in turn 
affects the net evaporation rate, 
𝑑𝑄
𝑑𝑠
 (through the jet radius and helix angle (𝛼 )); the 
momentum change, 
𝐷𝑀
𝐷𝑡
 (through the jet radius and jet thinning rate); and forces in terms 
of electric field force (𝐹𝑒−𝑓𝑖𝑒𝑙𝑑), charge-to-charge force (𝐹𝑐ℎ𝑎𝑟𝑔𝑒) and extensional viscous 
force (𝐹𝑣𝑖𝑠) (through the jet radius, jet thinning rate and helix angle). The momentum 
balance requires the momentum change equals to the sum of forces, and both of the 
momentum change and forces are affected by the net evaporation rate (
𝑑𝑄
𝑑𝑠
). 
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Figure 9.17 Plot of normalized jet diameter as a function of normalized jet length for straight 
jet (blue) and bending (red) regions for PEO/water under 30% RH, 0.05ml/min and 30 kV 
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Examination of the bending region model reveals that both evaporation and stretching 
determine the jet geometry in terms of jet radius and 
𝑑𝑟
𝑑𝑠
 (see details for mass and force 
balance equations in chapters 5 and 7). In contrast, the bending region jet length is 
determined by how much solvent needs to be evaporated and the net evaporation rate by 
𝐿𝐵𝑅 =
𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡∙𝑄(1−c)
?̇?𝑛𝑒𝑡_𝑒𝑣𝑎𝑝
𝑠𝑜𝑙𝑣𝑒𝑛𝑡  (see chapter 9.3).  
The jet radius in the bending region is determined by the coupling of evaporation and 
stretching, which is significantly different from the straight jet region. Figure 9.17 shows 
the plot of normalized jet behavior as a function of jet length for straight jet and bending 
regions for PEO/water. (The straight jet diameter is normalized by the measured jet 
diameter at the end of Taylor cone (200 um, see appendix. A), while the bending region 
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Figure 9.18 Plot of estimated net stretching force (blue) and normalized straight jet diameter 
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jet diameter is normalized by the measured jet diameter at the end of straight jet region, 
and the jet length is normalized by the measured straight jet length and calculated 
bending region jet length for straight jet and bending regions respectively.) In the straight 
jet region, there is essentially no evaporation, so the decrease in jet diameter is the result 
of primarily the net stretching force as shown in figure 9.18. Since the net stretching 
force is difficult to calculate due to the external complex electric field, the net stretching 
force is estimated from an analysis momentum change inferred from the change of jet 
diameter (see details in chapter 9.2). The jet behavior in the straight jet region is 
significantly different from the bending region, as seen in figure 9.17, since the bending 
region jet behavior is determined by both the gradual evaporation and stretching. These 
impacts are shown in figure 9.19 (a), which compares the solvent flow rate and jet 
diameter as a function of jet length in the bending region. The jet flow rate decreases 
gradually in the bending region since the net evaporation rate is relatively constant for the 
bending region. Thus the jet diameter decreases gradually in the bending region since the 
evaporation is a larger contributor for jet thinning in the bending region (~70% see 
chapter 9.2). The relation of net stretching force and jet diameter is shown in figure 9.19 
(b) as a function of jet length in the bending region. The net stretching force is strong at 
the upper bending region and decreases dramatically to a small value at the lower 
bending region. The jet diameter decreases significantly (~10%) in the upper bending 
region due to the large net stretching force at the upper bending region. As noted in 
chapter 9.2, the stretching force in the lower part of the bending region has a significant 
impact even though its value is very small (~30% of jet thinning). 
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The jet geometry in terms of jet radius, jet thinning rate and helix angle, also affects 
the net evaporation rate, forces, and the momentum balance as shown in figure 9.16. The 
net evaporation rate is weakly affected by the jet radius, since the net evaporation rate 
scales as ?̇?𝑛𝑒𝑡,𝑛~𝑟𝑛
1
3 ∙ 𝑣𝑎𝑖𝑟
1
3 , where 𝑣𝑎𝑖𝑟 is air cross velocity (see chapters 5 and 7). The air 
cross velocity is also affected by jet geometry in terms of helix angle (𝛼), 𝑣𝑎𝑖𝑟 = (𝑣𝑠 ∙
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Figure 9.19 (a) Plot of jet flow rate (blue) and normalized jet diameter (red) as a function of 
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𝑠𝑖𝑛𝛼) ∙ 𝑐𝑜𝑠𝛼 since 𝛼 is affected by jet geometry. However, in the current model, the air 
cross velocity is assumed to be a constant 10 m/s (see appendix B).  
Both the extensional viscous force and the electric force are affected by the jet 
geometry and net solvent evaporation rate (see details in chapter 5). For the extensional 
viscous force (𝐹𝑣𝑖𝑠 = −
6𝜂∗
𝜋𝑟3
𝑑𝑟
𝑑𝑠
𝑑𝑄
𝑑𝑠
+
3𝜂∗
𝜋𝑟2
𝑑2𝑄
𝑑𝑠2
+
6𝜂∗𝑄
𝜋𝑟4
(
𝑑𝑟
𝑑𝑠
)
2
−
6𝜂∗𝑄
𝜋𝑟3
𝑑2𝑟
𝑑𝑠2
), the dominant term is 
𝐹𝑣𝑖𝑠
𝑑𝑜𝑚𝑖𝑛𝑎𝑛𝑡 = −
6𝜂∗
𝜋𝑟3
𝑑𝑟
𝑑𝑠
𝑑𝑄
𝑑𝑠
 (see figure 9.9), which is significantly affected by jet geometry 
in terms of r, 
𝑑𝑟
𝑑𝑠
, and net evaporation rate, 
𝑑𝑄
𝑑𝑠
. 
The electric force is the sum of electric field force (𝐹𝑒−𝑓𝑖𝑒𝑙𝑑 =
𝐸∞𝐼 sinα
𝑄
) and charge-
to-charge force (𝐹𝑐ℎ𝑎𝑟𝑔𝑒= −
3𝐼2𝑟
4𝜖Q2
𝑑𝑟
𝑑𝑠
+
𝐼2𝑟2
4𝜖𝑄3
𝑑𝑄
𝑑𝑠
). Both are important in the bending region 
as shown in figure 9.6. The electric field force is affected by jet geometry in terms of the 
helix angle (𝛼). The magnitudes of the different terms of the charge-to-charge force are 
shown in figure 9.20 as a function of jet length in the bending region. This plot indicates 
that the dominant term for charge-to-charge force is: 𝐹𝑐ℎ𝑎𝑟𝑔𝑒
𝑑𝑜𝑚𝑖𝑛𝑎𝑛𝑡 = −
3𝐼2𝑟
4𝜖Q2
𝑑𝑟
𝑑𝑠
. Thus 
charge-to-charge force is significantly affected by jet geometry in terms of r and 
𝑑𝑟
𝑑𝑠
 and is 
only weakly affected by evaporation rate (
𝑑𝑄
𝑑𝑠
) since the second term in the charge-to-
charge force (
𝐼2𝑟2
4𝜖𝑄3
𝑑𝑄
𝑑𝑠
) is not large. The importance of jet radius and jet thinning rate for 
charge-to-charge force can be evaluated by analyzing the sensitivity of charge-to-charge 
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force to jet radius and jet thinning rate respectively (𝛿𝐹𝑐ℎ𝑎𝑟𝑔𝑒
𝑥 =
𝜕𝐹𝑐ℎ𝑎𝑟𝑔𝑒
𝜕𝑥
𝐹𝑐ℎ𝑎𝑟𝑔𝑒
, 𝑤ℎ𝑒𝑟𝑒 𝑥 =
𝑟  𝑜𝑟  
𝑑𝑟
𝑑𝑠
). 
 
 
 
 
 
 
 
 
Thus, the net stretching force, which is the sum of extensional viscous force, electric 
field force and charge-to-charge force (𝐹𝑛𝑒𝑡 = 𝐹𝑣𝑖𝑠 + 𝐹𝑒−𝑓𝑖𝑒𝑙𝑑 + 𝐹𝑐ℎ𝑎𝑟𝑔𝑒) is significantly 
affected by jet geometry in terms of r, 
𝑑𝑟
𝑑𝑠
, and 𝛼.  
What is the effect of net evaporation rate in determining the net stretching force? The 
discussion in the chapter 9.5 shows that net evaporation rate significantly affects the 
extensional viscous force and weakly affects the electric force. For some cases (e.g. 
PVP/methanol and PVP/ethanol), although net evaporation rate has a significant impact 
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on extensional viscous force, the effect of net evaporation rate on net stretching force is 
not important, since 
𝐹𝑣𝑖𝑠
𝐹𝑒
≪ 1 . In contrast, when 
𝐹𝑣𝑖𝑠
𝐹𝑒
~1  (e.g. PEO/water and PVP/1-
butanol), net evaporation rate has a significant impact on the extensional viscous force 
and net stretching force (see details in chapter 9.5). 
Another aspect that is affected by the jet geometry (jet radius (r) and jet thinning rate 
(
𝑑𝑟
𝑑𝑠
)) and net evaporation rate, 
𝑑𝑄
𝑑𝑠
, is the momentum change, 
𝐷𝑀
𝐷𝑡
=
2𝜌𝑄
𝜋2𝑟4
𝑑𝑄
𝑑𝑠
−
2𝜌𝑄2
𝜋2𝑟5
𝑑𝑟
𝑑𝑠
, 
which equals the net stretching force, 𝐹𝑛𝑒𝑡 =
2𝜌𝑄
𝜋2𝑟4
𝑑𝑄
𝑑𝑠
−
2𝜌𝑄2
𝜋2𝑟5
𝑑𝑟
𝑑𝑠
. Figure 9.21 plots both 
terms of 
𝐷𝑀
𝐷𝑡
 as a function of bending region jet length, which shows that the momentum 
change is significantly affected by jet geometry, and relatively weakly affected by net 
evaporation rate, since the magnitude of −
2𝜌𝑄2
𝜋2𝑟5
𝑑𝑟
𝑑𝑠
 is larger than that of 
2𝜌𝑄
𝜋2𝑟4
𝑑𝑄
𝑑𝑠
.  
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9.8 Analysis of bending region model assumptions and limitations 
This section presents a summary of the bending region model in terms of model 
inputs, assumptions, and limitations. While the model captures the coupled mass and 
force balances in the bending region and has been shown to predict fiber diameter to 
within 8% of experiments over a broad range of operating conditions, model limitations 
discussed in this section include: operating conditions and solution properties that result 
in stable electrospinning process, equipment setup that achieve a uniform electric field 
and single jet, assumed terminal state, and assumed values of unmeasured model 
variables (Tr and 𝑣𝑎𝑖𝑟). 
The developed bending region model inputs include a) operating conditions, b) 
solution properties, c) process measurements, and d) environmental parameters. The 
operating conditions are specified in terms of flow rate (𝑄0), electric field (𝐸∞), and 
relative humidity (RH). The model operating conditions are selected between the 
experimental operating bounds (see chapter 3), which result in a stable electrospinning 
process (e.g. the process operates in a bounded time varying variation of the Taylor cone 
set of operating conditions). Solution properties also significantly affect the process 
physics as discussed in chapter 9.4. The shear viscosity (𝜂0 ) and conductivity (K) 
significantly affect forces, while water diffusivity in solvent (𝐷𝑖 ) limits the water 
absorption rate and also affects the solvent evaporation rate (see chapter 7). Polymer 
concentration (c) and polymer molecular weight have a significant impact on viscosity 
and conductivity. For these solution properties, shear viscosity and conductivity are 
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measured, and other values, including water diffusivity in solvent, polymer and solvent 
molecular weight, and polymer and solvent density are from literature [37]. However, 
separate evaporation rate experiments were conducted to confirm the relations (see 
appendix. C) 
In addition, several process measurements are used in the model, including jet current 
(𝐼) that significantly affects charge density and electric force, bending angle (𝜃), which 
has a significant impact on the electric field force, and jet diameter at the end of straight 
jet region (𝑑𝑆,𝑗𝑒𝑡
𝑓𝑖𝑛𝑎𝑙
), which provides the initial condition for the model. Another set of 
parameters affecting the process physics is the experimental parameters of ambient air 
pressure, saturated solvent and water vapor pressure, and diffusivity of water and solvent 
vapor in air affect the net evaporation rate. These parameters are obtained from the 
literature [37, 44].    
There are 3 assumptions used in this model that can significantly affect uncertainty 
and variation, including: (1) air cross velocity (𝑣𝑎𝑖𝑟), (2) Trouton ratio (𝑇?̂?), and (3) 
terminal polymer concentration (𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙). In the current model, the Trouton ratio and 
air cross velocity are estimated by fitting to experimental observations. Although Trouton 
ratio could be measured and more extensive analysis could be done to achieve more 
accurate values for air cross velocity. Similarly, the value of the terminal polymer 
concentration is justified based on a sensitivity analysis. 
Air cross velocity (𝑣𝑎𝑖𝑟 ) impacts the net evaporation rate since it is a dominant 
condition factor. As air cross velocity increases from 1 m/s to 10 m/s, the water 
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evaporation rate increases 2.1 times, which results in 59% decrease in jet length (table 
B.2). Since air cross velocity cannot be directly measured in electrospinning process, it is 
estimated by relating to jet flow velocity (𝑣𝑠) and helix angle (α), 𝑣𝑎𝑖𝑟 = (𝑣𝑠 ∙ 𝑠𝑖𝑛𝛼) ∙
𝑐𝑜𝑠𝛼 (see details in appendix. B). The average calculated air cross velocity along the jet 
is on the order of 10 m/s, but varies from 6 m/s to 12 m/s due to the changing jet flow 
velocity and helix angle (table B.1). In the current study, a constant air cross velocity 10 
m/s is used to determine the net evaporation rate, since the calculated fiber diameters 
from 𝑣𝑎𝑖𝑟 = 10m/s is shown to be within 8% of the measured fiber diameters. This is the 
best fit than the calculated fiber diameters from other air cross velocities, such as 
0.1, 1 𝑎𝑛𝑑 100 𝑚/𝑠 (table B.2). The utilized air cross velocity is an estimated constant 
value, which can be improved by considering the variation of air cross velocity along the 
jet due to the variation of jet flow velocity and helix angle. 
The assumed value of Trouton ratio (Tr) impacts the calculated extensional viscosity, 
𝜂∗ = 𝜂0 × 𝑇𝑟  (see chapters 5 and 7). Since we have not measured the Trouton ratio 
experimentally, we utilize a fitted Trouton ratio, 𝑇?̂?, based on comparing model results to 
the observation of the jet diameter change rate (
𝑑𝑑
𝑑𝑠
) at the end of the straight jet region, 
and the final fiber diameter (see details in appendix. B). Utilizing fitted value of 
𝑇?̂?~1,000 for PEO/water solutions, 𝑇?̂?~10 for PVP/methanol and PVP/ethanol solutions, 
and 𝑇?̂?~100  for PVP/butanol solutions in the developed model, the calculated jet 
thinning rate at the start of the bending region is consistent with the measured jet thinning 
rate at the end of the straight jet region. In addition, the model predicts fiber diameters 
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within 8% of measured fiber diameters over a broad range of operating conditions (figure 
5.6 and figure 7.9). The estimated Trouton ratio is important to determine net stretching 
force for PEO/water and PVP/1-butanol, since their extensional viscous force and electric 
force have the same order of magnitude. For PVP/methanol and PVP/ethanol, the 
Trouton ratio is not so important, since their electric forces are much larger (~10 times) 
than their extensional viscous forces. Although the Trouton ratio changes as a function of 
strain and strain rate (the modeled strain rate is shown in appendix. B), we assumed a 
constant 𝑇?̂?, since we do not have the functional relation. In the future, the Trouton ratio 
can be measured to decrease the model error. 
 
 
 
 
 
 
 
The terminal polymer concentration (𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙) is used to determine the terminal state 
of the modeled electrospinning process, i.e. where the jet diameter does not change 
anymore. The mechanical properties of polymer/solvent solutions behave like both a 
solid and a liquid, having both viscous and elastic characteristics. Considering the effect 
Figure 9.22 Plot of extensional viscosity as a function of polymer concentration for (a) 
PEO/water and (b) PVP/ethanol under 0.05 ml/min and 30% RH 
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of elastic, the net stretching force should be the sum of electric stretching force, 
extensional viscous retarding force and elastic retarding force (𝐹𝑒𝑙𝑎𝑠 ), expressed by: 
𝐹𝑛𝑒𝑡 = 𝐹𝑒 + 𝐹𝑣𝑖𝑠 + 𝐹𝑒𝑙𝑎𝑠 . With increasing concentration, the polymer/solvent system 
behaves more viscous and elastic [45]. Figure 9.22 shows the plot of extensional 
viscosity as a function of concentration for PEO/water and PVP/ethanol under 30% RH 
and 0.05 ml/min.  
The extensional viscosity increases significantly at the high concentration region 
since 𝜂∗~𝑐𝛼 (𝛼 varies with polymer/solvent system, see appendix. B), and results in a 
large extensional viscous force that almost balances the electric force at the end of 
electrospinning process (𝐹𝑒 + 𝐹𝑣𝑖𝑠 = 6 × 10
−11 𝑁  for PEO/water and  𝐹𝑒 + 𝐹𝑣𝑖𝑠 = 4 ×
10−11 𝑁  for PVP/ethanol figure 9.22). In addition, since the elastic contribution also 
increases as the concentration increases, the elastic force increases. Thus the net 
stretching force would be much smaller than 6 × 10−11 𝑁  and 4 × 10−11 𝑁  for 
PEO/water and PVP/ethanol respectively after 𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 = 90%. In the current model, 
the elastic contributions are not evaluated, since we do not analyze the elastic force and 
the relation between elastic and concentration, but it is expected that the jet would not be 
stretched anymore due to the small net stretching force when 𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 ≥ 90%.  
The sensitivity of the terminal concentration condition is determined for variation of 
𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙  between 80% and 100%. Figure 9.23 shows the plot of bending region jet 
length as a function of polymer concentration with 𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 = 90% for PEO/water and 
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PVP/ethanol solutions, respectively the longest and shortest jet lengths modeled. The 
bending region jet lengths (𝐿𝐵𝑅
100%) for 𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 = 100% is estimated based on the slope  
of polymer concentration at 𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 = 90%. The resulting variation in calculated jet 
lengths are 2.4% and 3% increase occurs in jet length for 𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 increasing from 90% 
to 100%, and 2.7% and 4.9% decrease occurs in jet length while 𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙  decreasing 
from 90% to 80% for PEO/water and PVP/ethanol respectively (table. 9.4). This small 
sensitivity confirms that using 𝑐𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 = 90% is reasonable. In the future, the more 
explicit study on the terminal state should be done by considering both elasticity and 
viscosity. 
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Figure 9.23 Plot of bending region jet length as a function of polymer concentration for (a) 
PEO/water and (b) PVP/ethanol under 30% RH and 0.05 ml/min 
𝐿𝐵𝑅
100% − 𝐿𝐵𝑅
90%
𝐿𝐵𝑅
90% = 2.4% 
𝐿𝐵𝑅
90% − 𝐿𝐵𝑅
80%
𝐿𝐵𝑅
90% = 2.7% 
𝐿𝐵𝑅
100% − 𝐿𝐵𝑅
90%
𝐿𝐵𝑅
90% = 3% 
𝐿𝐵𝑅
90% − 𝐿𝐵𝑅
80%
𝐿𝐵𝑅
90% = 4.9% 
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Table 9.4 The calculated jet length that achieves different polymer concentrations. 
 
Another model limitation is that the model does not analyze the process dynamics 
that create fiber diameter distribution. Based on the inputs and assumptions, the model 
calculates the average values for those process states in terms of  jet diameter (𝑑𝑗𝑒𝑡), 
bending region jet length (𝐿𝐵𝑅), electric field force (𝐹𝑒−𝑓𝑖𝑙𝑒𝑑), charge-to-charge force 
(𝐹𝑐ℎ𝑎𝑟𝑔𝑒), extensional viscous force (𝐹𝑣𝑖𝑠), net stretching force (𝐹𝑛𝑒𝑡), jet flow rate (Q), 
solvent evaporation rate ( ?̇?𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛
𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ), water absorption rate ( ?̇?𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
𝑤𝑎𝑡𝑒𝑟 ), net 
evaporation rate (?̇?𝑛𝑒𝑡), and polymer concentration (c). The model does not capture the 
dynamic variations in those process parameters, since the model did not take into 
consideration the variation in measured jet diameter at the end of straight jet region (see 
appendix. A), the current and bending angle [39].  
Concentration 𝐿𝐵𝑅 (𝑚) for PEO/water 𝐿𝐵𝑅 (𝑚) PVP/ethanol 
80%  44.3 3.81 
90% 45.5 4 
100% 46.6 4.11 
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Although the model captures the mass and force balances in the bending region and 
predicts fiber diameters well, other limitations to applicability of the model include: (a) 
requirement of stable electrospinning process conditions that prevent beading, (b) which 
forces are dominant, (c) existence of a single jet, and (d) the polymer/solvent system is 
hydrophilic.  
The mass and force balance equations in the model are not applicable for unstable 
electrospinning process (see chapter 5). To achieve the stable electrospinning process, an 
appropriate voltage for a given flow rate need to be in the operating bounds (see chapter 
3). If the applied conditions are beyond these “stable” operating bounds, the 
electrospinning process is unstable, for which droplets and discontinuous jets would 
appear in the electrospinning process and the jet lump states in terms of jet volume, jet 
radius, jet flow rate, polymer concentration, viscosity and charge density will vary in an 
unbounded fashion with time.  
The current model is not applicable to predict the fibers with beads, since the model 
does not consider the bending region jet instability due to surface tension. Bead formation 
in electrospinning result from the Rayleigh instability driven by surface tension, which 
can be suppressed by viscoelastic behavior of the fluid jet [46]. To avoid beads, the 
applied RH cannot beyond a critical value that results in beads on fibers [36]. The reason 
for the beads appear under high RH condition is not explicitly studied in this research. 
One possible reason is when RH is large, the jet lengths decrease into a region where the 
surface tension decreases significantly.  
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The current model is only applicable for those cases for which the dominant forces 
are electric field force, charge-to-charge force and extensional viscous force. If other 
forces, such as surface tension, elastic force and other applied body force, are at the same 
order of magnitude or even larger than those dominant forces, the model is not applicable. 
The current model cannot predict the diameters from multi-jets, since the multi-jets 
system has a different mass balance from the model. To achieve a single jet 
electrospinning process, the parallel-plate arrangement needs to be utilized, which 
provides a more uniform external electric field than just a needle-to-plate geometry. The 
needle-to-plate geometry generates a maximum value of electric field strength at the 
Taylor cone tip and is highly non-uniform that result in multiple jets [36].  
The current model is only applicable for a hydrophilic polymer in a hydrophilic 
solvent system. For a hydrophobic polymer in a hydrophilic solvent, the absorbed water 
would cause phase separation [23], which involves in other process physics.  
The current model cannot be applied when the net evaporation rate and the solvent 
flow rate are at the same order of magnitude. This could occur when either the net 
evaporation rate is too high (e.g. HFIP and chloroform which have 30 – 300 times larger 
evaporation rate than water) or the solvent flow rate is too low, which would result in a 
high concentration in Taylor cone. The high concentration solution would build up at the 
nozzle due to its high viscosity, which would result in multi-jets and unstable 
electrospinning process.   
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10. Summary of research results and future research 
10.1 Summary research results of bending region 
This thesis focused on developing a better understanding of the physics that 
determine the final fiber diameter of the electrospinning process, and in particular the role 
of the bending region. The bending region is difficult to study since the jet diameter 
cannot be directly measured due to its rapid motion and small size (~microns and smaller) 
and the complex coupling between multiple forces, mass transport, and changing jet 
geometry. Specific areas of focus include: (a) identifying the roles of the straight jet and 
bending regions in determining fiber diameter, (b) developing a model that captures the 
bending region process physics and developing insight into the dominant physics, (c) 
investigating the relation of solution properties and process conditions in determining 
fiber diameter, (d) studying how RH affects the process physics and final fiber diameter, 
as well as (e) developing a generalized fiber diameter correlation. A combined 
experimental and modeling approach is used to analyze the bending region for aqueous 
PEO and three different non-aqueous hydrophilic PVP/alcohol solutions. Although this 
research focused on four selected hydrophilic polymer/ solvent systems, it identifies 
many key issues that provides insight into how the electrospinning process functions in 
general.  
Overall, analysis of the electrospinning experimental results for a broad range of 
conditions revealed more clearly the roles played by straight jet and bending regions. 
While it was generally believed that the straight jet region primarily results in jet 
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stretching with little solvent evaporation, with all of the solvent evaporation in the 
bending region, it was not clear to what degree jet stretching played a role in the bending 
region. These experiments showed that bending region has significant jet stretching, and 
that without this stretching the jet diameter would not decrease to nano-scale, and this 
happens toward the end of the bending region jet length. Specially, our experimental 
observations reveal that in the bending region, 30% jet diameter thinning comes from the 
jet stretching and 70% jet diameter thinning comes from the evaporation. These results 
raises the interesting question of identifying coupling between the mass transport and jet 
stretching in the bending region. 
Challenges to studying the process physics in the bending region include: (a) the 
bending region jet cannot be directly measured, so verification is complex; (b) to 
understand solvent evaporation, one must also understand water absorption, so mass 
transport is complex, and (c) the coupled relationships between mass transfer, forces 
determining jet stretching, and the changing jet geometry needs to be captured. To obtain 
insight into the bending region process physics, a model is developed that captures the 
coupled mass and force balances, and predicts the fiber diameter for 4 different 
hydrophilic polymer/ solvent systems. While there had been several earlier models 
developed that capture some of the factors, no single model considered all factors. In 
particular, the effect of mass transfer/ evaporation on momentum-force balance was 
missed, especially the effect of net evaporation rate on strain rate.  
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The model used two key inputs including the measured jet diameter at the end of 
straight jet region and current. The model is experimentally verified by comparing model 
predictions to measured fiber diameters for a broad range of operating conditions and 
solution properties. Overall, it is found that the average difference between modeled fiber 
diameters and measured fiber diameters is less than 6% for PEO/water and 8% for 
PVP/alcohol. These results were achieved for fiber diameters that varied by a factor of 15 
resulting from a broad range of solution properties (shear viscosity varied by a factor of 
38, conductivity varied by a factor of 150, solvent evaporation rate varied by a factor of 
11, and water absorption rate varied by a factor of 18) and operating conditions (flow rate 
varied by a factor of 2.3, voltage varies from lower bound to upper bound, and RH varied 
by a factor of 2). The major uncertainty for the model comes from the assumptions in 
terms of approximate air cross velocity and the estimated Trouton ratio for each 
polymer/solvent system. These two factors were chosen by finding values that fit the 
experimental results. Given these only 2 estimated parameters, this provide important 
verification that the model captures the dominant process physics in the bending region. 
The model is used to obtain insight into the dominant physics of the bending region. 
It is found that mass transport is a significant factor in determining final fiber diameter 
and that it also affects the force balance. Previously, the physics determining the solvent 
and water mass fluxes had not been explicitly studied, nor the actual magnitudes and 
impact. To understand the mass balance for a non-aqueous hydrophilic jet, one needs to 
model the evaporation/ absorption of solvent and water on the jet surface, the radial 
diffusion of those species through the jet, and the axial advection. Water diffusion in the 
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jet is found to limit the water absorption rate, and solvent evaporation rate is determined 
by surface states in terms of the balance between solvent and water mole concentrations. 
The water-solvent evaporation/ absorption and diffusion model is verified by alcohol 
evaporation experiments in a disk in different moisture environments. Based on these 
results, a 2-D lumped model is developed to capture the coupling mass transport in an 
electrospinning jet for hydrophilic polymer/ solvent system. The model reveals that the 
water absorption rate is much smaller (~10 times) than solvent evaporation rate since 
water diffusion resistance is much larger than the water vapor flux resistance in air. 
The amount of jet stretching in the bending region is determined by the magnitude of 
net stretching force along the bending region jet. The net stretching force is shown to 
decrease dramatically in the upper part of the bending region (first 3%), and becomes 
relatively smaller (by a factor of 50) throughout most of the bending region. However, 90% 
jet stretching occurs in the lower part of the bending regions due to its long jet length (97% 
of the bending region). This is significantly different from the straight jet region, where 
most of the stretching occurs in the first 20% of the straight jet region. In the bending 
region, it is the coupling of evaporation and jet stretching that determines jet thinning. 
Thus jet stretching occurs throughout the bending region, and it is important to identify 
the factors that determine the magnitudes of the different forces. 
Comparing the model results for the different polymer/ solvent systems, it is found 
that the jet length, extensional viscous force, and electric force are significantly affected 
by solution properties (e.g. conductivity, shear viscosity, and net evaporation rate), and 
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process conditions (in terms of flow rate, voltage, and RH). Jet length is found to be 
determined by net evaporation rate and jet flow rate. The electric stretching force is 
comprised of a charge-to-charge force and an electric field force, both of which are a 
function of current, which is determined in part by solution conductivity, flow rate, and 
voltage. The extensional viscous retarding force is significantly affected by the 
extensional viscosity, which is related to shear viscosity and Trouton ratio. In addition, 
the extensional viscous force is also found to be affected by net evaporation rate since 
mass flow affects the stretching rate. Comparing the electric force and extensional 
viscous force for those four polymer/solvent systems, for some cases (e.g. PVP/methanol 
and PVP/ethanol), the extensional viscous retarding force is shown not important to 
determine the net stretching force since they are (~ 10 times) smaller than the electric 
stretching forces due to their small extensional viscosity and large conductivity. In 
contrast, the extensional viscous retarding force is shown important for PVP/1-butanol 
and PEO/water since they are at the same order of magnitude of electric stretching force.  
Another major contribution of the work is developing an understanding of how RH 
affects the process. While it had been experimentally known that RH has a significant 
impact on fiber diameter, there had been no specific understanding how RH affects the 
process physics in determining final fiber diameter. The model analysis reveals that 
although the amount of absorbed water is not large, it has a profound impact on the net 
evaporation rate and final fiber diameter. As the ambient RH increases, the water mole 
concentration on surface increases, resulting in a decrease in alcohol mole concentration, 
which leads to a lower solvent evaporation rate and a higher water absorption rate. This 
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decrease of net evaporation rate results in a longer jet length, which increases the amount 
of jet stretching. In addition, the decrease of net evaporation rate results in a smaller 
electric stretching and extensional viscous retarding forces. However, overall the net 
stretching force increases, since the decrease in extensional viscous retarding force is 
typically larger than the decrease in electric stretching force. As a result, the final fiber 
diameters decrease as RH increases due to the increase in jet length and net stretching 
force. Experimentally, we find that fiber diameter varies by a factor of 1.9 for PEO/water, 
by a factor of 1.7 for PVP/methanol, by a factor of 1.2 for PVP/ethanol, and by a factor of 
2.1 for PVP/1-butanol, as RH increases 25%, and that the model predictions are 
consistent with. 
Based on a consideration of the overall momentum-force balance, a new correlation 
function has been developed that relate fiber diameter to net stretching force, jet length, 
and flow rate. While previous researchers had developed other correlation functions that 
worked over limited conditions, none had universally covered different RH and input 
conditions, nor had been shown to cover the variation in viscosity as well as RH. The 
new relation provides a good fiber diameter correlation predicts the fiber diameter over a 
broad range of operating conditions and solution properties.  
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10.2 Future research 
1) Closed-loop control strategy to achieve a desired fiber diameter for different 
polymer/solvent systems. 
The knowledge base for developing a closed-loop control strategy has been 
developed in this study and our previous study in terms of steady-state fiber diameter 
correlation and the process dynamics [36, 39]. The generalized steady-state fiber 
diameter correlation implies that the fiber diameter from a given polymer/solvent system 
is determined by the net stretching force, jet length and flow rate. However the 
measurable process parameters that estimate the electric force, extensional viscous force 
and bending region jet length have not been developed yet. In addition, an approach to 
supervisor those measurable process parameters in real-time needs to be developed. And 
the control strategy also needs to be developed to find the upper and lower voltage 
bounds for a given polymer/ solvent system with a given flow rate and RH. These works 
should be done in the future study to develop a closed-loop control system. 
 
2) Effect of concentration and molecular weight 
Net stretching force and bending region jet length provide a good basis to generally 
correlate fiber diameter for hydrophilic polymer/solvent systems, which are significantly 
affected by solution properties in terms of conductivity, viscosity and net evaporation rate. 
Polymer concentration and molecular weight have significant impacts on the solution 
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properties, especially the conductivity and viscosity. However, the impacts of 
concentration and molecular weight on process physics and final fiber diameter have not 
been studied yet. This work should be done in the future study. 
 
3) Hydrophobic polymer in hydrophilic solvent system 
In this study, the experimental and modeling analysis is done for the hydrophilic 
polymer/solvent system. For a hydrophobic polymer in a hydrophilic system (i.e. 
PS/DMF), phase separation occurs in the bending region since the polymer does not 
dissolve in the absorbed water [23]. The dominant process physics for hydrophobic 
polymer in a hydrophilic solvent system should be more complex than those for 
hydrophilic systems, and should be studied experimentally and theoretically in the future. 
 
4) Impact of RH on current 
Experimental analysis reveals that the current decreases as RH increases for 
PEO/water and PVP/alcohol solutions, which affects the electric stretching force and net 
stretching force. However, the reason that current decreases with increasing RH has not 
been explicitly studied. Our previous research [39] has shown that RH weakly affects the 
efficient electric field, which cannot explain the relatively large effect of RH on current. 
A systematic study of RH on current should be performed in the future work. 
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5) Verification for bending region jet length 
In this study, the bending region jet length is modeled for PEO/water and 
PVP/alcohol solutions, which is on the order of meters and varies with net evaporation 
rate. The bending region jet length is determined based on the assumption of the air cross 
velocity and terminal polymer concentration. However the experimental verification for 
the calculated bending region jet length is not conducted in this study, since there is no 
way to measure the jet directly in the bending region. The bending region jet length 
should be experimentally identified in the future. 
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Appendix. A Measured straight jet diameters for PVP/alcohol solutions 
Figures A1 – A3 show the measured straight jet diameters for PVP/methanol, 
PVP/ethanol, and PVP/1-butanol solutions respectively at the upper bounds of 0.05 
ml/min under 35% RH. 
 
 
 
 
 
 
 
 
 
 
 
 
PVP/ethanol 
PVP/methanol 
(A1
) 
(A2
) 
(A3) 
Figures A1–A3. A Measured jet length over the straight jet region for A1) PVP/methanol 
solutions; A2) PVP/ethanol solutions; A3) PVP/1-butanol solutions 
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Figure. A1 shows that, similar to PEO/water solutions, jet diameters of PVP/alcohol 
solutions decrease dramatically in upper straight jet region and then appears to be flat at 
the lower straight jet region. The straight jet length and final jet diameter vary with 
PVP/alcohol solutions since the solution properties, including viscosity, surface tension 
and conductivity, are different. 
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Appendix. B Model assumptions determination 
B.1 Air cross velocity 
In this modeling work, a constant air cross 
velocity (10m s-1) is used to determine the 
solvent evaporation rate, and the air cross velocity on the jet surface is estimated as a 
function of the cross component of the jet flow velocity (𝑣𝑠). Since solvent evaporation 
rate has an important influence on the jet length and stretching force, this section 
confirms our air cross velocity assumption.  
Based on the coordinate-fiber frame shown in figure. 5.1, the relation between air 
cross velocity (𝑣𝑎𝑖𝑟) and jet flow velocity (𝑣𝑠), shown in figure. B1, which is given by: 
𝑣𝑎𝑖𝑟 = (𝑣𝑠 ∙ 𝑠𝑖𝑛𝛼) ∙ 𝑐𝑜𝑠𝛼    (B.1) 
Figure. B2 shows the several angles of the jet in the bending region relative to the z 
coordinate. The bending angle (θ) is the half apex angle of the bending envelop, as 
shown in figure. B2 (a). Helix angle (α) is the angle between the tangential line of jet 
path and the horizontal axial line on the bending envelop. z is the vertical axis; ξ is the 
horizontal axis; τ is the tangent line of the jet path; s is the centerline of the jet path, as 
shown in figure. B2 (b). 
 
 
α 
α 
𝑣𝑠 𝑣𝑎𝑖𝑟 
𝑣
𝑠
∙𝑠𝑖𝑛
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Figure B1. relation between 𝒗𝒔 and 𝒗𝒂𝒊𝒓. 
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As shown in figure. B2 (b), the vertical distance that jet passes in one circle (∆z), the jet 
length in the circle (𝐿𝑠) and the circle length (𝐿𝑐) can constitute a right triangle, as shown in 
figure. B2 (c). Then the helix angle can be calculated by: 
                     tan𝛼 =
∆𝑧
𝐿𝑐
                 (B.2) 
where 𝐿𝑐 is a function of bending angle (θ) and the vertical position of the focusing point 
(H), as shown in figure. B2 (a). 
𝐿𝑐 = 2𝜋𝑅𝑏 = 2𝜋H ∙ tan 𝜃                (B.3) 
Substituting equation (B. 3) into equation (B. 2): 
α 
τ 
ξ 
R𝑏 
H 
Δz 
τ 
α 
R𝑏 
Δz 
s 
L𝑠 
z (b) 
(c) 
(a) 
θ 
Figure. B2. (a) The jet at the onset point of bending region is highlighted in red. Nomenclatures 
used to calculate the helix angle (𝛂) in the bending region are shown. (b) the helix angle (𝛂) can be 
calculated out by the distance that jet passes in one circle (∆𝐳) and the jet length in the circle (𝑳𝒔, 
highlighted in blue). (c) the trigonometric relation between helix angle (𝛂), circle length (𝑳𝒄 ), 
distance that jet passes in one circle (∆𝐳) and the jet length in the circle (𝑳𝒔). (The bending region 
picture is from Yan [36]) 
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tan𝛼 =
∆𝑧
𝐿𝑐
=
∆𝑧
2𝜋H∙tan𝜃
              (B.4) 
For this analysis, we assume that ∆𝑧 is a constant (based on Yan’s measurement 
[36]), 2.2 mm. 𝜃 is measured in experiments, which is also a constant. Thus, the helix 
angle (𝛼) decreases while the vertical length (H) increases, which means that the helix 
angle decreases with jet elongation. The calculated helix angle (α) along with the jet 
length, is shown in figure. B3. 
 
 
 
 
 
 
 
Based on equation B.1, table. B1 shows how the calculated air cross velocity (𝑣𝑎𝑖𝑟) 
changes with jet flow velocity (𝑣𝑠) and helix angle (α) with jet elongation (for 60% RH, 
28 kV, 0.05 ml min-1). It is found that the air cross velocity increases with jet elongation. 
But the air cross velocity is at the order of 10 m s-1. In addition, the jet flow velocity is 
very large (at the order of speed of sound). 
Figure. B3 Calculated helix angle is plot as a function of jet length by assuming ∆𝐳 is constant 
based on PEO/water solutions 
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Modeling results based 
on 4 different velocities are 
used to determine the reasonable 
velocity used to calculate the 
mass transfer coefficient and 
mass transfer rate in the bending 
region. Those 4 different 
velocities are: a) 10 m s-1, which 
is the order of the air cross 
velocity ( 𝑣𝑎𝑖𝑟 ) in the bending 
region (table. B1); b) 0.1 m s-1, 
which is the typical jet flow 
velocity at 3mm below the 
nozzle (𝑣𝑗𝑒𝑡
3𝑚𝑚), where we measured the upper straight jet diameter; c) 1 m s-1, which is a 
velocity between those two above velocities. d) 100 m s-1, which is at the magnitude of 
the jet flow velocity at the end of electrospinning process (𝑣𝑓𝑖𝑏𝑒𝑟) (~360 m s
-1, the speed 
of the sound). The modeled fiber diameter/length is shown in figure. B4 and details are 
given in table. B2. 
Comparing the modeling results to the experimental measured fiber diameter (270 
nm), it is noticed that the air cross velocity (10 m/s) is reasonable, since the difference 
between the calculated fiber diameter and the measured fiber diameter is only 9% and 
Jet length (m)  𝑣𝑠 (m s
-1) α 𝑣𝑎𝑖𝑟 (m s
-1) 
1 28.9 27.9 11.9 
10 73.9 5.85 7.5 
20 100.6 3.82 6.7 
30 138.4 2.93 7 
40 172.6 2.73 8 
Table B1 Jet flow velocity (𝒗𝒔) and the calculated air cross 
velocity (𝒗𝒂𝒊𝒓 ) change with jet length based on PEO/water 
solutions 
 
 
188 
smallest compared to other velocity assumptions. Thus, in the current model work, we 
use a constant 10 m/s as the air cross velocity in the bending region to calculate the mass 
transfer rate. 
 
 
 
 
 
 
 
 
 
 
 
Blue: hw=0.095 m s-1 (𝑣𝑎𝑖𝑟 = 100𝑚 𝑠−1) 
Black: hw=0.044 m s-1 (𝑣𝑎𝑖𝑟 = 10𝑚 𝑠−1) 
Green: hw=0.021 m s-1 (𝑣𝑎𝑖𝑟 = 1𝑚 𝑠−1) 
Red: hw=0.0095 m s-1 (𝑣𝑎𝑖𝑟 = 0.1𝑚 𝑠−1) 
Figure. B4 Calculated fiber diameter and jet length for different air flow velocity and mass 
transfer coefficient based on PEO/water solutions. 
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Table B2. Verification of air cross velocity. Modeling fiber diameter and jet length for 4 different air 
cross velocities under 60% RH, 0.05ml min-1 and 28 kV. The measured fiber diameter is 270 nm 
based on PEO/water solutions. 
 
B.2 Trouton ratio 
To determine the appropriate fitted value of Trouton ratio (𝑇?̂?), we compare model 
predictions to experimental observations of the initial jet diameter thinning rate and the 
final fiber diameter. For aqueous PEO solutions, model predictions are calculated for 3 
different assumed values of 𝑇?̂?: 10, 100 𝑎𝑛𝑑 1,000. For PVP/methanol and PVP/ethanol, 
𝑇?̂?  are selected as 1, 10 𝑎𝑛𝑑 100 . For PVP/1-butanol, 𝑇?̂?  are selected as 
10, 100 𝑎𝑛𝑑 1,000.  
𝑣𝑎𝑖𝑟(m/s) Calculated 
ℎ𝑤, (m/s) 
Calculated fiber 
diameter (nm) 
Difference to the 
measured fiber 
diameter 
Calculated jet 
length (m) 
100 0.095 2300 752% 23 
10 0.044 298 9% 66 
1 0.021 214 21% 160 
0.1 0.0095 108 60% 437 
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We expect that the slope (jet thinning rate dd/ds) for the initial bending region should 
be consistent with the observed slope at the end of the straight jet region, and then 
decreases as jet stretching proceeding. Figure. B5 shows that the calculated initial slope 
from 𝑇?̂?~1,000 is consistent with the observed slope at the end of straight jet region for 
PEO/water solutions,  while the calculated initial slopes from 𝑇?̂?~100 and 𝑇?̂?~10 are 3 
to 34 times larger than the observed slope at the end of straight jet region.  
The other basis for choosing 𝑇?̂? to match the final dry fiber diameter. Table. B3 shows 
the calculated fiber diameter from 𝑇?̂?~1,000 is closer to the measured fiber diameter (~6% 
Measured dd/ds at the end of 
straight jet region ~ 0.1 um/cm 
Calculated dd/ds at the start of the bending 
region (s=0) for 𝑇?̂?~1,000: ~ 0.05 um/cm 
Calculated dd/ds at the start of the 
bending region for 𝑇?̂?~100: ~ 0.4 um/cm 
Calculated dd/ds at the start of the 
bending region for 𝑇?̂?~10: ~ 3.4 
um/cm 
Figure. B5 Modeling bending region jet behaviors based on different 𝑻?̂?  for 7wt% PEO/water 
solutions under 0.05 ml/min, 28 kV, and 60% RH. The calculated initial jet thinning rate in the 
bending region is shown in table. B2. The initial jet thinning rate from Tr~1,000 is smaller than the 
measured jet thinning rate (black dash line) at the end of straight jet region. The initial jet thinning 
rates form Tr~100 and Tr~10 are larger than the measured jet thinning rate at the end of straight jet 
region. 
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error) than the calculated fiber diameters from 𝑇?̂?~100 (~ 48% error) and 𝑇?̂?~10 (~62% 
error) for PEO/water solutions.  
 
Table B3 Comparing the modeling fiber diameters and jet thinning rates to the experimental 
observations for different Trouton ratios under 60% RH for PEO/water solutions. 
 
Table. B4 shows that for PVP/ethanol and PVP/methanol, the calculated initial slopes 
from 𝑇?̂?~10 are consistent with the observed slopes at the end of straight jet region, 
while the calculated initial slopes from 𝑇?̂?~1 and 𝑇?̂?~100 are 2 of and 1/4 times larger 
than the observed slope at the end of straight jet region respectively. In addition, the 
RH Tr Measured 
dd/ds at the 
end of straight 
jet region 
(um/cm) 
dd/ds at the 
start of 
bending 
region 
(um/cm) 
Calculated 
fiber 
diameter 
(nm) 
Measured 
fiber 
diameter 
(nm) 
Calculated 
jet length 
(m) 
60%  1000 ~0.1  ~ 0.05 298 270 66.1 
100 ~0.4 150 79.6 
10 ~3.4 112 81.2 
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calculated fiber diameters for PVP/ethanol and PVP/methanol solutions from 𝑇?̂?~10 are 
within 8% of measured fiber diameters. For PVP/1-butanol solutions, the calculated 
initial slope from 𝑇?̂?~100 is consistent with the observed slope at the end of straight jet 
region, while the calculated initial slopes from 𝑇?̂?~10 and 1,000 are 3.33 and 0.67 than 
the observed slope at the end of straight jet region respectively. In addition, the calculated 
fiber diameter for PVP/butanol solutions from 𝑇?̂?~100 is within 8% of measured fiber 
diameters. 
In addition, we cannot achieve similar jet thinning rate at the start of the bending 
region by choosing a smaller 𝑇?̂? and adjusting other estimated variables.  The key other 
estimated variables in the model include air cross velocity (𝑣𝑎𝑖𝑟, relate to evaporation rate, 
affecting 
𝜕𝑄
𝜕𝑠
) and the loop distance in the bending region (∆𝑧, relate to electric force). 
Since extensional viscous force is a function of extensional viscosity and 
𝜕𝑄
𝜕𝑠
 (see term 2. 
Fvis in equation 5.13), both 𝑇?̂? and 𝑣𝑎𝑖𝑟 affect the extensional viscous force. If 𝑇?̂?~100, 
table. B5 shows that although the modeling fiber diameter can be close to the measured 
fiber diameter, by increasing the air cross velocity to 1,000 m/s, the jet diameter thinning 
rate at the start of the bending region is still ~ 4 times larger than the measured jet 
thinning rate at the end of straight jet region for PEO/water solutions. Figure. B6 shows 
that the effect of air cross velocity on the jet thinning rate at the start of the bending 
region is relatively small compared to the effect of Trouton ratio (figure. B5). In addition, 
the air cross velocity, 1,000 m/s, is not reasonable. 
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Table B4 Comparison of modeling fiber diameter and jet diameter thinning rate at the start of the 
bending region based on different Trouton ratios to experimental observations for PVP/alcohol 
solutions. The operating conditions for PVP/methanol solutions are 50% RH, 0.05 ml/min, 13.1 kV; 
for PVP/ethanol solutions are 50% RH, 0.05ml/min, 11.6 kV; for PVP/1-butanol solutions are 50% 
RH, 0.05 ml/min, 11.8 kV. 
Materials Tr Measured 
𝑑𝑑
𝑑𝑠
 at 
the end of straight 
jet region 
(um/cm) 
Calculated 
𝑑𝑑
𝑑𝑠
 at the 
start of bending 
region (um/cm) 
Measured 
𝑑𝑓𝑖𝑏𝑒𝑟  
(nm) 
Calculated 
𝑑𝑓𝑖𝑏𝑒𝑟  
(nm) 
PVP/ 
methanol 
1 0.05 0.09 647 254 
10 0.036 688 
100 0.012 1270 
PVP/ 
ethanol 
1 0.1 0.14 869 329 
10 0.068 921 
100 0.038 1840 
PVP/1-
butanol 
10 0.9 3.9 1060 326 
100 0.73 988 
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Although the Trouton ratio changes as a function of strain and strain rate (figure. B7), 
we assume a constant 𝑇?̂?, since we do not have the functional relation. Use of fitted value 
of 𝑇?̂?~1,000  for PEO/water solutions, 𝑇?̂?~10  for PVP/methanol and PVP/ethanol 
solutions, and 𝑇?̂?~100 for PVP/butanol solutions in our model achieves good results in 
comparison for the experimental observations over a broad range of operating conditions 
(figure 5.6 and figure 7.9). The calculated extensional viscous forces balance the electric 
force and the momentum change in the bending region for different RH cases. 
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Figure B6 plot of jet diameter profile in the bending region as a function of air cross velocity 
with a constant Tr~100 under 60% RH, 0.05 ml/min and 28kV for PEO/water solutions. 
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 Table B5 Comparison between the calculated jet diameter thinning rates and fiber diameters to 
experimental observations for different air cross velocity under 𝑻?̂?~𝟏𝟎𝟎 for PEO/water solutions 
 
 
 
 
 
 
𝑣𝑎𝑖𝑟  
(m/s) 
Measured dd/ds 
at the end of 
straight jet 
region (um/cm) 
Calculated dd/ds 
at the start of 
bending region 
(um/cm) 
Measured fiber 
diameter (nm) 
Calculated 
fiber diameter 
(nm) 
Calculated 
jet length 
(m) 
1 ~ 0.1 ~0.347 270 55 355 
10 ~0.37 150 79.6 
100 ~0.372 220 33.6 
1000 ~0.375 291 14.5 
RH: 30% 
Q: 0.05 ml min-1 
V: 30kV 
Figure. B7. Modeled strain rate in the bending region for 30% RH, 0.05 ml min-1, 30 kV 
PEO/water case. 
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In the bending region, the shear viscosity ( 𝜂0 ) will increase with polymer 
concentration due to solvent evaporation. In addition, the shear viscosity (𝜂0 ) also 
changes with the water mole concentration in the solution due to water absorption. Figure 
B8 shows the measured shear viscosity as a function of PVP concentrations for 
PVP/ethanol, 𝜂0~𝑐
2.67.  Figure B9 shows the measured shear viscosity as a function of 
PVP concentrations for PVP/methanol, 𝜂0~𝑐
2.65.  Figure B10 shows the measured shear 
viscosity as a function of PVP concentrations for PVP/1-butanol, 𝜂0~𝑐
3.58.  Figure B11 
shows the measured shear viscosity as a function of water concentrations for different 
concentrations (5wt%, 10wt%, 15wt% and 20wt%) PVP/alcohol solutions. Since the 
modeling mean absorbed water mole concentrations in the solution jet under different RH 
conditions are around 20% (fig. D3), the effect of absorbed water on the solution shear 
viscosity is negligible in our model, compared to the effect of PVP concentration on the 
shear viscosity. Thus, the shear viscosity is only a function of PVP concentration. 
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Figure B9 Measured shear viscosity of PVP/methanol solutions as a function of PVP 
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Figure B11 Measured shear viscosity as a function of water concentration for 5wt% (red), 
10wt% (green), 15wt% (blue) and 20wt% (black) PVP/ethanol solutions 
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Figure B12 Modeling average absorbed water weight concentration in the jet for 
PVP/ethanol solutions as a function of jet length under 25% RH (red), 35% RH (green) 
and 50% RH (blue). 
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Appendix. C Evaporation experimental verification 
A set of ethanol and 1-butanol evaporation experiments were conducted under 3 
different RH levels (10%, 25% and 50%) in a sealed box, as shown in figure. C1. Since 
ethanol and methanol have similar water absorption rate, methanol net evaporation rate 
experiment is not conducted. The weight of a dish of ethanol and 1-butanol are measured 
in 2 hours. Then the weight change rates are the experimental net evaporation rates, used 
to verify our developed model. The measured parameters of the experimental setup are 
shown in table. C1. And the published parameters of solvent properties [37] are shown in 
table. C2 
 
 
 
 
 
Table C1 Measured parameters of experimental setup 
Radius of dish (m) 0.048 
Surface area of dish (m2) 0.0071 
Weight Scales 
Alcohol 
Solvent 
evaporation 
Water 
absorption 
Sealed box 
7 
mm 
Figure. C1 Mass transfer experimental setup. The experiments are conducted at 3 RH levels: 
10%, 25% and 50%. 
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Table C2 Solvent properties [37] 
Ideal gas constant (J/mol*K) 8.314 
Temperature (K) 293 
Box volume (m3) 0.2 
ρair 1225  g/m
3 
νair 1.846*10
-5  Pa.s 
Mww 18 g/mol 
Mwethanol 46.07 g/mol 
Mwbutanol 74.12 g/mol 
Pwater
saturated 2338.8 Pa 
Pethanol
saturated 6187.5 Pa 
Pbutanol
saturated 639.6 Pa 
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Pair 101325 Pa 
ρethanol 789 
kg
m3
⁄  
ρbutanol 810 
kg
m3
⁄  
Dethanol−air 1.15 × 10−5  m
2
s⁄  
Dethanol−water 8.4 × 10−10  m
2
s⁄  
Dbutanol−air 8.7 × 10−6  m
2
s⁄  
Dbutanol−water 5.9 × 10−10  m
2
s⁄  
Dwater−air 2.82 × 10−5  m
2
s⁄  
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Table C3 equilibrium water and solvent mole concentrations at surface for ethanol and 1-butanol 
 
The alcohol evaporation rate can be calculated based on equation (7.1), assuming the 
mole concentrations of water and solvent are at equilibrium (table. C3). The water mole 
concentration gradient (
𝜕𝑐𝑤𝑎𝑡𝑒𝑟
𝜕ℎ
) at the surface can be calculated based on the Fick’s 
second law (equation 7.8) for the following boundary conditions (equations 7.9 and 7.10) 
and initial condition (equation 7.11). The corresponding water absorption rates are then 
calculated based on equation (7.2). 
Material RH 𝛾𝑤𝑎𝑡𝑒𝑟 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑤𝑎𝑡𝑒𝑟  
(𝑙, 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚) 
𝛾𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑒𝑡ℎ𝑎𝑛𝑜𝑙 
(𝑙, 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚) 
Ethanol/water 10% 3.015 586.6 1.001 16920 
25% 2.718 1687 1.008 16490 
50% 2.322 4295 1.037 15470 
1-Butanol/water 10% 3.564 305.6 1.009 10570 
25% 3.247 870.4 1.006 10430 
50% 2.812 2187 1.027 10110 
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The experimental and modeling results of mass transfer of ethanol under different RH 
conditions are shown in chapter 7. The experimental and modeling results of net 
evaporation rates of 1-butanol are shown in figure. C2. The average difference between 
the modeling and experimental results are less than 5%. Figure. C2 shows that the net 
evaporation rate of 1-butanol decreases as RH increases, since the water mole 
concentration on surface increases (table. C3), which results in an increase in water 
absorption rate (figure. C3 (a)) and a decrease in 1-butanol evaporation rate (figure. C3 
(b)). 
 
 
 
 
 
 
 
 
 
 
|?̅?|
𝑁
< 5% 
Figure. C2 Modeling (solid line) and experimental (points) net evaporation rates of 1-butanol are 
shown for 10% RH (blue), 25% RH (green) and 50% RH (red). The average difference between the 
modeling and experimental results is less than 5%. 
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(a) 
(b) 
Figure. C3 Modeling results for a)water absorption rates and (b) 1-butanol evaporation rate under 
10% RH (blue), 25% RH (green) and 50% RH (red). 
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Appendix. D Jet mass transfer spatial model 
Fluxes in mass transfer model 
A 2-D lumped model is developed shown in figure. 7.6. The water and alcohol fluxes 
on n-th lumps in figure. 7.6 include the radial diffusive fluxes: 
𝐽𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑛
𝑖 = 𝐷𝑖 ∙
2(𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑖 (𝑙)−𝑐𝑚+1,𝑛
𝑖 )
∆𝑅1,𝑛
∙ 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑛 ∙ 𝑀𝑤𝑖 (D2.a) 
𝐽
𝑚+
1
2
,𝑛
𝑖 = 𝐷𝑖 ∙
2(𝑐𝑚+1,𝑛
𝑖 −𝑐𝑚,𝑛
𝑖 )
∆𝑅1,𝑛+∆𝑅2,𝑛
∙ 𝐴
𝑚+
1
2
,𝑛
∙ 𝑀𝑤𝑖             (D2.b) 
𝐽
𝑚−
1
2
,𝑛
𝑖 = 𝐷𝑖 ∙
(𝑐𝑚,𝑛
𝑖 −𝑐𝑚−1,𝑛
𝑖 )
∆𝑅3,𝑛+∆𝑅2,𝑛 2⁄
∙ 𝐴
𝑚−
1
2
,𝑛
∙ 𝑀𝑤𝑖             (D2.c) 
and axial advective fluxes: 
𝐽
𝑚,𝑛−
1
2
𝑖 = 𝑄
𝑚,𝑛−
1
2
∙ 𝑐𝑚,𝑛−1
𝑖 ∙ 𝑀𝑤𝑖           (D2.d) 
𝐽
𝑚,𝑛+
1
2
𝑖 = 𝑄
𝑚,𝑛+
1
2
∙ 𝑐𝑚,𝑛
𝑖 ∙ 𝑀𝑤𝑖            (D2.e) 
and evaporation/ absorption of water and alcohol in air: 
𝐽𝑎𝑖𝑟,𝑛
𝑖 = ℎ𝑤 ∙ 𝐴𝑛 ∙ (𝑐𝑠𝑢𝑟𝑓,𝑛
𝑖 (v) − 𝑐𝑎𝑖𝑟
𝑖 ) ∙ 𝑀𝑤𝑖   (D2.f) 
where i indicates the water or alcohol. The lump states in terms of water and solvent mole 
concentrations in each lump and water and solvent mole concentrations on surface are the 
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unknown parameters, which can be determined by mass balance in each lump (equation 
(D2.g) – (D2.j)) 
𝐽𝑎𝑖𝑟,𝑛
𝑖 − 𝐽𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑛
𝑖 = 0    (D2.g) 
𝐽𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑛
𝑖 + 𝐽
𝑚+1,𝑛−
1
2
𝑖 − 𝐽
𝑚+1,𝑛+
1
2
𝑖 − 𝐽
𝑚+
1
2
,𝑛
𝑖 = 0   (D2.h) 
𝐽
𝑚+
1
2
,𝑛
𝑖 + 𝐽
𝑚,𝑛−
1
2
𝑖 − 𝐽
𝑚−
1
2
,𝑛
𝑖 − 𝐽
𝑚,𝑛+
1
2
𝑖 = 0   (D2.i) 
𝐽
𝑚−
1
2
,𝑛
𝑖 + 𝐽
𝑚−1,𝑛−
1
2
𝑖 − 𝐽
𝑚−1,𝑛+
1
2
𝑖 = 0    (D2.j) 
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Lump length determination for mass transfer model 
1mm is used as the lump length for radial sub-lumps, as shown in figure.7.6. Figure. 
D1 shows that the change of modeled water concentration profile in the jet is less than 
1%, when the length for radial 3 sub-lumps is less than 1 mm.  
 
 
 
 
 
 
 
 
 
 
  
Jet radius (𝜇𝑚) 
0 1 2 3 4 5 
0 
Figure D1 Modeled results for the mass balance equation based on different lump length (0.1 mm 
and 1 mm: blue; 10 mm: red; 100 mm: black). When the lump length is less than 1mm, the change 
of the modeled water concentration profile in the jet is less than 1%. 
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Appendix. E Water mole fraction on jet surface at the start of bending region 
Based on the measured straight jet shape, the water mole concentration profile in the 
jet can be calculated by solving the mass balance equations (D2.g – D2.j) for each lump. 
Figure E shows the calculated water mole fraction on surface for PVP/ethanol solutions 
under different RH conditions (25%, 35% and 50%), which suggests that the water mole 
fractions on jet surface at the start of the bending region can be assumed to be 0, since 
they are relatively small (less than 1%). 
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Figure E Plot of calculated water mole fraction on surface as a function of straight jet length 
based on the measured straight jet shape under different RH conditions with 0.05 ml/min flow 
rate. (blue: 50% RH, green: 35% RH, red: 25% RH) 
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